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Summary 




The thesis begins with the production of ice slurries for energy storage. The optimum 
method of producing ice slurries was investigated by performing experimental studies 
with different parameters having influence on its formation. The coolant used was FC-84, 
which was injected into water for direct contact heat transfer to take place during ice 
formation. Different nozzle positions inside the tank were investigated to determine the 
best location for producing ice slurries. A total of three different nozzle positions and 
nozzle designs were tested out to obtain the optimum configuration for ice slurry 
production.  
 
Theoretical studies were also carried out for comparison and validation of the 
experimental results. A numerical model was developed to simulate the system and to 
obtain the temperature differences inside the tank. An empirical Nusselt correlation was 
also obtained from the experimental values and presented in the thesis. 
 
From the experimental results, the rate of ice formation for the range of variables 
considered in the study was compared with the predicted values. The effects of different 
experimental parameters, such as the flow rate and the nozzle diameter on the rate of ice 
formation and ice slurries production were also investigated. 
 
The best fit heat transfer coefficients for the experiments were also obtained and the 
corresponding temperature profiles were plotted for comparison with the experimental 
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temperature profile. The amount of ice slurries produced from the three different nozzle 
positions were also recorded and tabulated to give a comparison for the method that gave 
the best method of ice slurry production. 
 
The study of the production of ice slurries for energy storage has given a deeper insight 
and understanding into the performance of an ice generation system for cooling purposes. 
Objectives of the research carried have thus been met successfully. 
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1.1 Background and problem 
Ice thermal energy storage system (ITES) is an effective and cost-saving technology to 
reduce the maximum daytime cooling load on the chillers and is known to be a low 
temperature energy storage system. It can be produced at night and used during the day 
for cooling purposes. Because of its lower first cost and operating cost, this method of 
cooling is considered practical for many applications. Other advantages include the lower 
off-peak rates for electrical energy and the reduction of the size of the cooling system 
leading to a lower peak demand. The advantage is that companies can avoid the peak 
demand charges imposed by electric utilities and thus the ice storage system can be used 
to generate ice during the night to take advantage of the lower electricity cost to reduce 
the operating cost of the plant. 
 
Ice thermal energy storage system became popular because of the greenhouse effect, 
which leads to an increase in global temperature. Air conditioning costs have been 
increasing around the world due to an increase of electricity cost. Air conditioning, which 
makes use of ice slurry, is more efficient than that of conventional air conditioning 
systems by chilled water because ice has 5 times the cooling capacity of chilled water. Ice 
slurry production by direct contact heat transfer between water and coolant is an efficient 
process as well. The conventional method of producing ice on coil has a lower overall 
heat transfer coefficient between the surface area and the water as ice begins to form on 
the surface of the coil. This reduction in heat transfer rate has been attributed to the 
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presence of the ice layer which gets thicker with the production of more ice and which 
acts as an insulator. Hence, the efficiency of the rate of ice formation decreases. 
 
In recent years, due to technological advances, ITES has emerged as a cost-effective 
space cooling technology. Ice slurry is a mixture of fine ice crystals and liquid water and 
is a promising working fluid due to its good flow ability and large latent heat of fusion. 
Nucleation of ice is the initial transformation of an unstable phase to a more stable phase. 
The nucleation temperature is usually lower than the melting point and ice does not form 
till the nucleation temperature is reached.  
 
Thus, it has been recognized for a period of time that a substantial saving could be 
realized if much of the refrigeration or air conditioning could be moved from on-peak to 
off-peak periods. Therefore, it has been proposed to operate refrigeration plants during 
off peak periods to produce cold or chilled water or ice slurries for storage. During on 
peak periods, the cold or chilled water or ice slurries would then be used to provide the 
cooling capacity. This research would look into the process of using direct contact heat 




1. To fabricate and test an ice slurry system based on direct contact heat transfer. 
2. To develop a design/simulation model to study its performance. 
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1.3 Research scope  
Chapter 1 would focus on the background and the existing problem of the current 
method of producing ice for energy storage. Chapter 1 would also give a brief 
introduction on the research foundation using direct contact heat transfer as well as to 
outline the objectives of the research project. 
 
Chapter 2 would present a detailed literature review performed on the research area and 
to highlight various other methods of producing ice. It also includes a justification of the 
current research study undertaken by the author. 
 
Chapter 3 would discuss in depth the numerical model developed for simulation 
purposes and the governing equations used as well as the underlying assumptions made 
in the derivation. 
 
Chapter 4 would highlight the experimental procedures as well as the experimental 
setups used both for the case of the nozzle located at the top and the nozzle located at the 
bottom. The various experimental apparatus would also be given a brief description. 
 
Chapter 5 would present the results and discussions for the experiment where the whole 
tank of ice slurry was obtained. The optimum conditions for obtaining the whole glass 
column of ice slurry would be presented. 
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Chapter 6 would be a chapter on the results and discussions for the experiment where 
the nozzle was located at the top and where the heat transfer coefficients were determined 
and the Nusselt correlation found for the range of experiments conducted. 
 
Chapter 7 would be a concluding section on the research conducted. 
 
Chapter 8 would give recommendations on future work that could be undertaken and 
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Chapter 2 Literature Review 
 
Ice thermal energy storage system (ITES) is a low temperature energy storage system, 
which can be produced at night and used during the day for space cooling purposes. 
There are two reasons why ice thermal energy storage systems are gaining popularity. 
The first is to take advantage of lower off-peak rates for electrical energy and the second 
is the reduction of size of the cooling systems leading to a lower peak demand. Ice slurry 
also has high fluidity, which is advantageous and melts easily, thereby releasing cool 
energy quickly for cooling applications.  
 
Conventional methods of producing ice for energy storage uses the ice on coil technique, 
whereby, ice is produced on the coil with the cooled refrigerant flowing through it. As 
more ice is formed on the coil, thermal resistance increases and the rate of ice formation 
on the coil decreases. Moreover, ice formation on coil presents a problem of removing 
the ice for storage and use later.  
 
Thus, the contribution of this research is to improve on the method of producing ice 
slurry by direct contact heat transfer for energy storage. An extensive literature review 
has been conducted citing contributions by different researchers. 
 
2.1 Cost savings of using ITES 
Using ITES for cooling purposes have brought about substantial savings as illustrated by 
the studies done by other researches looking into the benefits of ITES. 
National University of Singapore  5 
Department of Mechanical Engineering 
Chapter 2 Literature Review 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
Wayne [1] described an ice storage cooling for a campus expansion in Lawrenceville. 
Four primary HVAC systems were evaluated for their energy conservation and utility 
cost reduction. The four systems were high efficiency electric centrifugal chillers with ice 
storage, direct fired absorption chillers, high efficiency electric centrifugal chillers and 
electric rotary screw chillers with ice storage. The paper has determined that the use of 
ice storage for shifting HVAC loads from on-peak to off-peak hours has allowed the 
building management system to “control” the time when the energy is used. This saves 
the owner operating costs and, also, helps the utility company to avoid expensive peaking 
costs both in generating capacity and in transmission capacity. Ice storage also allows 
periodic maintenance of the chiller in the cooling season, while satisfying the building 
loads by melting ice.  
 
Ross [2] presented a paper on the ice storage system for a school complex in the Collier 
County Public School District in Naples, Fla. Ice storage was chosen because it can 
reduce energy costs. The ice storage system shifts summer and winter power 
requirements to off-peak hours. Ice storage also enables the use of cheaper off-peak 
electrical rates over its life cycle. The paper concluded that thermal ice storage systems 
are capable of saving energy costs when a utility offers a lower rate for its off peak 
energy charges. Although the thermal ice storage system uses more energy than its 
conventional chiller plant system, the energy is used during off peak times, which results 
in overall lower costs.  
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Bakenhus [3] described a project with the main intent of using the thermal storage ice 
system to increase the turbine generating capacity from approximately 53100 kW at inlet 
air conditions of 37.7oC to 67100 kW by reducing the inlet air temperatures to the turbine 
by 4.9oC. The avoided cost on the capacity gained was in excess of $100/kW as 
compared to new simple cycle peaking generating capacity. A secondary benefit of the 
project was the improvement in heat rate or efficiency for the output of the turbine.  
 
O’Neal [4] did a study on the state of Florida regional service center, which implemented 
an ice storage thermal system. The plant has saved the owner over $420,000 in 
electricity, water, sewer and maintenance costs over the past 3 years. The design team’s 
use of thermal storage on the central station air handler, air cooled chillers and a 
ventilation rate of 20 CFM/person made the investment an innovative energy and demand 
efficient, first cost sensitive facility.  
 
Wang and Kusumoto [5] investigated an ice slurry based thermal storage in 
multifunctional buildings. They discussed the mechanism and performance of ice slurry 
and also looked into the operation principle of the ice slurry based thermal storage 
system. A case study was considered in Herbis Osaka and the study showed that there 
were significant operating savings for the building air conditioning. Ice slurry has high-
energy storage density because of the latent heat of fusion of ice crystals, which when 
used in thermal energy storage systems, would be translated into energy utilization 
efficiency.  
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2.2 Advantages of ITES 
John and Hsing [6] discussed how a well-balanced chiller/ice storage system would 
consume less energy than a conventional system. The paper also touched on how a totally 
integrated off-peak ice storage design would be able to reduce pump and fan horsepower 
to offset the relatively high amount of energy required to build ice. The authors also 
commented that a good balance of chiller and ice storage units would eliminate part-load 
operation of the chillers and avoids the use of hot gas bypass. This would help make the 
overall system use less energy than that required for a conventional system.  
 
Simmonds [7] presented a paper on an ice-based thermal storage system with an 
upstream series chiller which could consume less energy than a conventional chiller 
system. The storage priority strategy that was investigated in the study involved limiting 
the storage capacity of the installation so that it could meet the predicted (or actual) load 
to such a capacity that it would be fully depleted at the end of the occupation period. The 
design application was based on the production of chilled water by an ice based storage 
system in conjunction with a series chiller. The study concluded that an ice based thermal 
storage system, together with an upstream series chiller would consume less energy than 
a conventional chiller configuration.  
 
Kasza [8] conducted a research and development on issues related to implementing ice 
slurry cooling technology. The paper found that due to the high latent heat of fusion of 
the ice slurries, they could absorb up to five times more heat than that of chilled water 
delivered at the same mass flow rate, which is important to the implementation of slurry 
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cooling technology. It was found that ice slurries tend to agglomerate which makes it 
difficult to pump them out for usage. One of the methods to detect agglomeration is to 
make use of the large difference in the electric conductivity (resistivity) between ice and 
liquid water by using a sensor. The technique developed in the paper will enable 
improved design and operational guidelines for ice slurry cooling systems and facilitate 
the general implementation of the technology.  
 
2.3 Ice slurry characteristics 
Hayashi and Kasza [9] determined the influences of a freezing point depressant on ice 
slurry characteristics in the form of ice slurry fluidity and microscale ice particle features. 
The paper related the microscale features of individual ice particles to the general 
behavior of the slurry. The results would provide preliminary information about the 
inherent fluidity of slurries produced by various types of slurry machines. The 
experiments conducted found out that ice particle size, shape, and roughness are deemed 
to strongly influence slurry behavior.  
 
Phanikumar and Bhaskarwar [10] analyzed the enhancement of heat transfer through the 
use of slurries, which was based on three models, namely, the thermal penetration model, 
the surface renewal model and the film model. An attempt was made to arrive at 
analytical expressions for the average rate of heat transfer and the enhancement factor. A 
film model of heat transfer incorporating the theory of Brownian motion of particles has 
also been presented. The study also found that the prediction of the enhancement in heat 
transfer was independent of the hydrodynamic model employed.  
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Kawanami et al. [11] conducted experiments to determine the interaction of fluid flow by 
both motion of the slush ice and the free convection owing to the thermal and 
concentration diffusion. Melting behavior and melting rate of the slush ice were observed 
and measured for parameters such as initial concentration of aqueous binary solution and 
heat flux. The results revealed that the melting heat transfer of slush ice was markedly 
effected by free convection in the double-diffusive layers that arose from the thermal and 
solutal buoyancy forces.  
 
Knodel et al. [12] published a paper on heat transfer and pressure drop in ice-water 
slurries. Experiments were carried in a horizontal stainless steel tube to investigate this 
phenomenon. Flow relaminarization in ice water slurries were observed for the current 
experiments. The ice fraction was increased to above 4% and a pressure-drop correlation 
was obtained. Heat transfer coefficients were also determined for the range of velocity 
covered in the experiments. A correlation equation was also developed for heat transfer 
coefficients at ice fractions above 4%.  
 
Ayel et al. [13] reviewed the recent studies on rheology, flow behavior and heat transfer 
of two-phase aqueous secondary refrigerants (ice slurries). They observed divergences in 
sensitivity to the solid fraction. The stratification observed by some authors for small 
Reynolds number flows and its effects on the pressure drop were addressed. Information 
concerning numerical values of the heat transfer coefficient of ice slurries was 
summarized. A geometry of heat exchanger was also proposed in the paper.  
 
National University of Singapore  10 
Department of Mechanical Engineering 
Chapter 2 Literature Review 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
2.4 Different methods of ice slurry production 
Kiatsiriroat et al. [14] investigated the formation of ice around a jet stream of refrigerant 
that was injected from the bottom of a water column. The refrigerants used in the 
experiment were R-12, R-22 and R-134a. The experiment found that R-22 gave better 
heat transfer, and ice could be formed faster compared to the other refirgerants. They 
developed a numerical model to predict the water temperature and thickness of the ice 
formation.  
 
Kim et al. [15] conducted a theoretical and experimental study to examine the water 
spray method of ice slurry production. The diffusion-controlled evaporation model 
investigated the conditions for the formation of ice particles theoretically. Experiments 
were conducted to obtain ice slurry by spraying droplets of 7% ethylene glycol aqueous 
solution in a vacuum chamber. An optimization chart was also proposed to provide the 
operating conditions to produce ice slurry.  
 
Xu et al. [16] presented a paper on the topic of generation of ice slurries by ultrasonic 
vibration. Experiments were conducted to study the effect of bubble nuclei on the phase 
change from supercooled water to ice, which were brought about by ultrasonic vibration. 
The results showed that the phase change was related to acoustic cavitation. The 
probability of the phase change increased when the total number of the bubble nuclei 
increased. Simulated results corresponded well with the experimental values.  
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Shin et al. [17] conducted an experiment to produce ice particles by the process of 
spraying water in a vacuum chamber. The theoretical aspect of the experiment was 
conducted by the diffusion-controlled evaporation model. The production of cold storage 
heat increased proportionally to the number of spray nozzles. The pressure in the vacuum 
chamber was maintained below the freezing point of water. The authors found that the 
spray flow rate influenced the performance of the system more than the position of the 
spray nozzle.  
 
Kiatsiriroat et al. [18] conducted research on the performance of a refrigeration cycle, 
which used a direct contact evaporator. The refrigerant used was R12, which was injected 
into the water to exchange heat directly. The ice that was generated was used for air-
conditioning purposes. The system consisted of a compressor, a condenser, an expansion 
valve and a direct contact evaporator. The compressor speed and the mass flow rate of the 
refrigerant directly affected the performance of the system. The authors found that the 
ideal operating conditions were 8-10 rps for the compressor speed and 0.04-0.06 kg/s for 
the mass flow rate. The coefficient of performance was found to be about 3.4-3.6.  
 
2.5 Summary 
Various studies that have been carried out by different researchers on ice thermal energy 
storage system have been presented in this chapter. Ice thermal storage system provides 
cost savings and consumes less energy over conventional air conditioning systems. The 
advantages of using ice slurries are because of the good flow ability and high latent heat 
of fusion. Different methods of producing ice slurries have also been presented in the 
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chapter. The motivation behind the study undertaken is to find another method of 
producing ice slurries for energy storage because of its industrial applicability. This 
method is by using direct contact heat transfer instead of the conventional method of 
producing ice on coil.  
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Chapter 3 Numerical Model 
 
An analytical model was developed to study the production and storage of an ice slurry 
system.  Relevant heat transfer fundamentals and assumptions were taken into 
consideration in the formulation of the model and the governing equations. The model 
would be able to predict the theoretical water temperatures for comparison and analysis 
with the experimental results.  
 
3.1 Description of schematic diagram 
The system included nozzle locations at three different positions, as shown by the 
schematic diagram below. The setup, shown schematically in the figure below, consists 
of an ice storage, a chiller, a pump, a flow meter, a glass column for ice slurry production 
and thermocouples to measure temperature distribution at various locations.  
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Fig. 3.1a Schematic diagram of experimental setup. 
 
Position A, as shown in Fig. 3.1a, represents the location of the nozzle just above the 
water level. At this position, a shower nozzle design is used to inject the coolant into the 
water vertically downwards. Position B shows the nozzle location placed inside the water 
column and the type of nozzle used is the fountain spray nozzle design. Position C is 
where the nozzle location is submerged within the coolant layer. The experiments were 
conducted for these three nozzle locations for different experimental conditions and the 
numerical model derived would be representative of the conditions considered in the 
experiments. 
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For position A (see Fig. 3.2a), the coolant would be withdrawn from the bottom of the 
glass column by a pump, cooled in the cold bath heat exchanger, where the bath 
temperature is set at –15oC and subsequently returned to the test section at the top. The 
nozzle is located above the water level in the glass column.  
 
For position B (see Fig. 3.2b) and position C (see Fig. 3.2c), the process would be the 
same as described above, but for position B, the nozzle is located inside the water level in 
the glass column and for position C, the nozzle is submerged within the coolant layer. 
 
3.2 Description of numerical model 
A simplified numerical model was developed to simulate the main energy interactions in 
the ice slurry generator. The actual process is complicated by a number of factors. These 
included the transient nature of the heat transfer between fluid drops and the water, the 
uneven size and distribution of the drops in the water, the turbulent mixing caused by the 
passage of the drops through the water, and the lack of knowledge of the heat transfer 
coefficient between the drops and the water. Several assumptions are, therefore, made to 
obtain a simplified model that would enable us to predict the variation of the temperature 
of the water and the fluid in the tank. By matching these temperature distributions with 
the measured values, it is possible to estimate the mean heat transfer coefficient between 
the drops and the water. Figures 3.2a, 3.2b and 3.2c show the conditions considered here. 
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Fig. 3.2b Numerical model showing location of nozzle at position B. 
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Fig. 3.2c Numerical model showing location of nozzle at position C. 
 
Assuming the water temperature to remain constant and uniform during the relatively 
short residence time of a fluid drop in the tank, the following energy balance may be 





dTcv −=ρ         (1) 
 
The left hand side (LHS) is the rate of change of internal energy of the drop while the 
right hand side (RHS) is the heat transfer from the water to the coolant drop. The sub-
script d represents the drop and w represents water. 
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Since the water temperature is assumed constant during the passage of the drops through 
the tank, equation (1) may be integrated to obtain the following equation for the 
temperature rise of the drop. 
 











τλ ρ=     and dτ  is the mean residence time of the drop in the tank. 
he total heat gain by the drop is given by 
 
−−= −λρ                                 (3)                                     
ay be assumed uniform. The energy balance for the water may be 




pq mc T= ∆  
q ))(1( diwdddd TTecv
 






dTCM −+−=       (4) 
the rate of internal energy change in the water. The first term on the LHS is the rate of 
 
where dN  is the rate of production of drops by the nozzle.  The RHS of equation (4) is 
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heat loss from the water to the fluid drops and the second term is the heat gained by the 
water from the ambient.  
 






CM +−++−−= −− )()1(])1([ λλ ρρ  (5) 
 
If the measured fluid temperature variation at the nozzle inlet is known, equation (5) can 
be solved to predict the water temperature variation with time until ice formation occurs. 
However before this can be done, the mean drop size, the mean residence time of a drop 
in the tank, the drop to water heat transfer coefficient and external heat coefficient have 
to be estimated.  
 
Upon solving for the water temperature distribution, the governing equation would be as 
shown below, where the third term of the equation on the RHS (a + bt + ct2) would 




1( ) (0) ( )( ) ( ) ( )
dtt
f f ot to o a
w d w
w w w w
m c eA U T eT T e a bt ct e dt




− −= + + + +∫&  (6) 
oolant temperature equation curve, the 
redicted water temperature could be obtained.  
 
 
Using the equation fit of the experimental c
p
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Due to the existence of a linear portion and a polynomial portion of the experimental 
coolant temperature, the solution of the governing equation would have to take this into 
account. 
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H +−++−−= −− )()1(])1([ λλ ρρ         (9) 
water is assumed to be at a constant temperature during this process.  It should be noted 
 
where the LHS gives the rate of change of internal energy  during ice formation. The 
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that the mean residence time of the drops and the heat transfer coefficient may be 
different for the sensible cooling of the water and the ice formation.  
 
3.3 Summary 
The analytical model was developed to predict the theoretical water temperature for 
comparison with the experimental results for validation. A total of three nozzle 
configurations were tested for the experiments. The first position of the nozzle was 
located at the top above the water level. The second position of the nozzle was located at 
the top submerged in the water column. The third position of the nozzle was located at 
the bottom of the glass column submerged within the coolant layer. The different 
configurations of the nozzle locations would require different input parameters for the 
governing equation used, namely the residence time and the drop size diameter. By 
inputting these parameters, the predicted theoretical values could be obtained and plotted 
for analysis with the experimental results.  
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Chapter 4 Experiments 
 
The experimental setup consisted of three different configurations, as described earlier, 
for the placement of the nozzle location. (1) The nozzle was placed at the top of the glass 
column, as shown in Fig. 3.2a. The injection method was vertically downwards. (2) The 
nozzle was placed at the top of the glass column with the nozzle tip submerged within the 
water level, as shown in Fig. 3.2b. (3) The nozzle was placed at the bottom of the glass 
column with the nozzle tip submerged in the coolant, as shown in Fig. 3.2c and the 
injection of the coolant was in a direction vertically upward. 
 
4.1 Experimental setup  
The experimental setup consisted of a glass column, a pump, a flow meter, a cold bath 













Fig. 4.1a Experimental setup. 
Insulated copper pipes 
Glass column
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Fig. 4.1a above shows the experimental setup, where the production of ice slurry took 
place. The locations of the nozzles could be interchanged easily with the realignment of 
the copper pipes so as to facilitate the experiments with the three different nozzle 
locations. The optimum production of ice slurry was determined after the experimental 
results were compiled and analyzed upon successful completion of the experiments for 
the three nozzle positions.  
 
A smaller setup was used to conduct experiments to obtain the empirical heat transfer 
correlation and experimental setup as shown below in Fig. 4.1b. 
 







Data Acquisition System 
Cold Bath Heat Exchang
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The smaller experimental setup shown above consists of a glass column, a pump, a flow 
4.2 Instrumentation 
The following sections would give descriptions of the experimental apparatus that make 
up the experimental setup shown in Fig. 4.1a. 
 
4.2.1 The glass column 
It consists of a glass column with a diameter of around 150mm and a length of 1m. The 
ice storage glass column comes with flanges and gaskets to present an airtight package 
and to prevent any leakages and spillage during the experiment, as the whole glass 
column would be filled with water and coolant. There is a top cover made of acrylic 
material to prevent lo ructure was built to 
withstand the combined weight of the whole glass column, the water and the coolant, as 
shown in Fig. 4.2.1a  
meter, a cold bath heat exchanger, valves, thermocouples, copper pipes and a data 
acquisition system. The glass column is smaller in diameter with an inner diameter of 
50mm and an outer diameter of 76mm. The height of the glass column is 1m. The 
location of the nozzle used for the experiments would be at the top above the water level. 
The parameters to be varied are the nozzle diameters and the flow rates and the empirical 
Nusselt correlation would be determined from the results obtained.  
 
ss through evaporation. A supportive st
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Fig. 4.2.1a Experimental glass column. 
 
4.2.2 Cooling coil 
The cooling coil has a length of 5m and it is coiled into 14 circular smaller coils from a 
12mm copper pipe. The coiled cooling coil has a compressed length of 280mm and a 
diameter of 120mm, as shown in Fig. 4.2.2a. The cooling coil is responsible for cooling 
e coolant and is immersed completely in the cold bath heat exchanger. The cold bath is 
e glycol and 50% water and the cold bath heat exchanger can be 
th
filled with 50% ethylen
set to a temperature of –30oC. Fig. 4.2.2b illustrates the freezing point of ethylene glycol 
with respect to the concentration. Copper is chosen due to its high thermal conductivity, 
which would provide maximum heat transfer. 
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Fig. 4.2.2a Cooling coil. 
 
 
Fig. 4.2.2b Graph of ethylene glycol concentration with temperature. 
Nozzles of different diameters were fabricated using acrylic and copper for injection of 
ozzle designs used were the 
shower spray nozzle design, the fountain spray nozzle design and a straight copper pipe 
 
4.2.3 Nozzle designs 
the coolant from the bottom and the top. The types of n
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for injection of the coolant from the bottom. The different nozzle designs are shown in 













experiments and the temperature range is shown in Fig. 4.2.4a. 
 
 
Fig. 4.2.3c Nozzle design for upward injection. 
 
4.2.4 Thermocouples 
T-type thermocouples were used to measure the temperature changes during the 
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Fig. 4.2.4a Temperature range of T type thermocouple. 
Two flow meters of different design and ranges were used to measure the flow rate of the 
coolant during the different experiments. For the experiment, where the nozzle was 
located at the bottom, the range of the flow meter was from 6.6l/min to 66l/min and for 
the experiment where the nozzle was located at the top; the range of the flow meter was 
from 0l/min to 1l/min. 
 
4.2.5 Valves 
A globe valve was used to control the flow rate and another valve was used to ensure full 
control of the flow rate and to not let water re-circulate back into the pump. 
 
4.2.6 Flow meter 
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Fig. 4.2.6a Flow meter. 
 nt 
id in the cold 
ath, which is made of 50% ethylene glycol, and 50% water having a freezing point of –




The primary refrigerant was an antifreeze coolant that was immiscible in water, which 
was used to cool the water. This primary refrigerant, fluorinert FC-84, is injected through 
the nozzle during the experiment and it has a low freezing point of –95oC and a high 
density of 1730kg/m3. The other chemical used for the experiment is a flu
b
30oC. This mixture is used to cool th
 
4.2.8 Cold bath heat exchanger 
The function of the cold bath is to cool the brine (50% ethylene glycol and 50% water), 
which in return would cool the FC-84 during the experiment. 
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4.2.9 Data logger 
The data logger is used to measure and record the temperature changes of the water in the 
glass column and the coolant in the copper pipes during the experiment. The 
thermocouples are connected to the data 
Fig. 4.2.8a Cold bath heat exchanger. 
logger and the scanning interval is set 
ccordingly to requirements. a
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4.
Two different pumps were used for the experiments. The first was a peripheral pump 
with a horsepower of 0.37KW and a maximum head of 40m. The second one was a 
2.10 Pump 
metering dosing pump of horsepower 0.37KW and a maximum head of 10m. Both pumps 
were used for circulating the FC-84 throughout the experiment. 
 
Fig. 4.2.10a Pump. 
 
4.3 Test run 
A test run with water was done for both experimental setups upon completion to check 
for leakage and to ensure that all experimental apparatus were in working condition 
before the commencement of the experiment. Any leakages were spotted and eliminated 
with sealing tape before the apparatus were insulated to reduce heat losses. 
 
4.4 Experimental procedures 
Water and FC-84 coolant is first filled into the glass column. The volume of water and 
coolant would be around 12 litres and 10 litres, respectively. Being immiscible and 
having a heavier density than water, the coolant would be at the bottom of the glass 
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column and the interface between the coolant and the water would be clearly defined. 
The cold bath heat exchanger would then be switched on to cool it to a temperature of 
bout –15oC.   
ata logger would be 
itched on to record the first temperature reading before the pump is switched on to 
art the injection of the coolant into the water. The data logger is preset to record 
ontinuous readings of the temperature distribution of the water and the coolant during 
e experiment. The scanning intervals between each scan are 5 minutes for the bigger 
tup and 1 minute for the smaller setup.  
he valve would control the flow rate of the coolant injected during the experiment and 
e water would be cooled by the exchange of heat through direct contact with the 
oolant droplets falling down. The “warmed” coolant would then be re-circulated by the 
ext round of 
jection takes place. The process is continuous and is repetitive till ice formation takes 
a
 














The experimental readings are then uploaded into the computer for further analysis and 
comparison with the theoretical results. 
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Chapter 5 Results and Discussion: Ice Storage Performance 
 
ents were conducted to find the optimum experimental parameters that would 
m the formation 
ent of the nozzle at the bottom was to ensure that a full tank of 
ice could be formed for this particular experiment. This was because the ice formed tends 
olant flow rate. The 
bsequent formation of ice would result in ice agglomeration, which resulted in blocks 
of ice sinking to the water-coolant interface. Through prolonged agglomeration, large 
blocks of ice were formed and due to the entrapment of coolant in the ice blocks, the 
Experim
result in the formation of a full tank of ice slurry. The results ranged fro
of a half tank of ice slurry to nearly a full tank of ice slurry. In the experiment, the flow 
rate of the coolant and the nozzle diameter were varied. Experiments were also carried 
out for different nozzle positions: mounted at the top and at the bottom of the glass 
column.  
 
One of the nozzle locations was for the coolant to be injected from the bottom of the 
glass column. The coolant was injected at a high velocity upward from the nozzle tip and 
ice slurry was formed through direct contact heat transfer between the coolant and the 
water. For the case where the nozzle position was located at the top, the injection of the 
coolant was in a downward direction. Experimental and numerical results were plotted 
for comparison for both nozzle locations.  
 
The reason for the placem
to clog up the nozzle, which resulted in a reduction of the co
su
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heavier blocks would slowly sink down to the water-coolant interface. The figures below 
would illustrate this point.  
 
 










Fig. 5a  Injection of the coolant from the top and bottom respectively. 
 
The Figure 5a above illustrated the problem of ice agglomeration when ice formation has 
taken place. The ice slurry formed would agglomerate towards the nozzle tip and thus 
form larger chunks of ice. This would lead to coolant entrapment, which would cause the 
ice blocks to sink down to the coolant level. By placing the nozzle at the bottom, the 
problem of agglomeration was eliminated.  
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Thus, for formation of ice for a full tank, the ideal placement of the nozzle would be at 
the bottom. Experiments were also conducted to obtain the heat transfer coefficients for 
the range of experiments with different experimental parameters.  
 
5.1 Method of determining best fit heat transfer coefficient value 
The best-fit value of the heat transfer coefficient is found by a simulation program based 
on the mathematical model for the experimental setup. The method of finding the best-fit 
value is by the least squared method. The heat transfer coefficient was estimated by 
obtaining the value of h that minimizes the error-square-sum between the measured and 
predicted temperatures. Using an assumed value of h to substitute into the governing 
the n obtained at different times. At each value 
f time, the square-error between the predicted and measured water temperature is 
equation, umerical temperature profile is 
o
computed. Thus for each assumed value of h, the square-error-sum is obtained. The value 
of h that gives the minimum error-sum is taken as the best estimate of the heat transfer 
coefficient. Thus, a range of summed difference for each corresponding heat transfer 
coefficient was found and the squared values of the errors were plotted to find the 
minimum point.  
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Fig. 5.1a  Graph to find best fit heat transfer coefficient value. 
 
Fig. 5.1a shows a plot of error against heat transfer coefficient values and from the 
minimum point of the graph, the best-fit value can be found.  
 
5.2 Drop diameter and residence time measurement 
The mathematical model presented in Section 3.2 requires knowledge of the mean drop 
size and the residence time. There are several factors affecting the drop size of the 
angle and the 
quid properties. The drop size of the coolant was measured by using a video recorder 
coolant and some of the factors are the flow rate, the pressure, the spray 
li
under different experimental conditions. It was not feasible to record the video images 
during the actual test runs due to condensation of water outside the glass cylinder. 
Therefore, the flow observation tests were carried out with the water and the coolant 
maintained at ambient temperature, which eliminated the condensation problem. 
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However, all other parameters, such as the flow rates and the nozzle locations, were the 





Fig. 5.2a Pictures of coolant droplets. 
National University of Singapore  38   
Department of Mechanical Engineering 
Chapter 5 Results and Discussion: Ice Storage Performance 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
National University of Singapore  39   
Ice Formation 
 
Fig. 5.2b Picture showing ice formation. 
 
It was not possible to measure the drop size under experimental conditions because of 
moisture condensation on the outer surface of the evaporator tank. The width of the glass 
column was exactly the same as the width of the television screen, which was used to 
lm the controlled experimental conditions. After recording the drop movement, the 
wed to evaluate the average value of the drop diameter. The recorded 
xperiment was analyzed frame by frame to allow the measurement of each individual 
ople sample size of 50 was taken to compute the 
eter of the coolant droplets. A graph showing the frequency distribution of 




coolant dr t on the television screen. A 
average diam
th
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Fig. 5.2c Plot of drop diameter size frequency for flow rate of 4l/min. 
 
From Fig. 5.2a, the distribution of the coolant droplets is shown in a frequency versus 
drop diameter chart. The bulk distribution of the coolant droplets was in the region of 
0.3cm to 0.4cm for a flow rate of 4l/min with the location of the nozzle at the top. For 
Fig. 5.2b below, the mean of the coolant diameter for a higher flow rate of 6l/min was 
0.465cm. Thus there is a direct relationship between the flow rate and the size of the drop 
diameter. Increasing the flow rate would increase the drop diameter of the coolant. The 
coolant drop diameter size would, therefore, affect the rate of cooling during ice 
formation. 
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Nozzle Diameter  = 6 mm
Flow Rate = 6 l /min
Mean = 0.465 cm
Std Deviation = 0.05 cm 
 
Fig. 5.2d Plot of drop diameter size frequency for flow rate of 6l/min. 
dence time of the coolant droplets. For the 
, the upward and the downward time of the coolant 
 
Besides the drop diameter sizes, the residence time of the coolant droplets was also 
measured. The experiments were conducted by using a stopwatch and recording the time 
taken for the coolant drops to travel down to the bottom of the glass column with the 
location of the nozzle at the top. A total of 50 recordings were taken and the average 
computed to obtain a mean value of the resi
position of the nozzle at the bottom
droplets were recorded and the upward time taken is shorter than the downward time, 
considering that there is an initial velocity upon injection of the coolant by the nozzle. 
The errors of this manual technique depended on the time delays during the staring and 
stopping of the stopwatch. These time delays were significantly lower than the measured 
residence times of about 3 to 5 seconds.  
 
National University of Singapore  41   
Department of Mechanical Engineering 
Chapter 5 Results and Discussion: Ice Storage Performance 



















Nozzle Diameter = 6 mm
Flow Rate = 4 l /min
Mean = 4.17 s
Std Deviation = 0.470 s 
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Nozzle Diameter = 6 mm
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S
 
rate of 6l/min. 
l
as compared for the residence time for a flow rate of 4l/min. This is because a higher 
Mean = 3.88 s
td Deviation = 0.389 s 
Fig. 5.2f Plot of residence time frequency for flow 
 
From the figures shown above, the residence time for the flow rate of 6 /min was shorter 
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flow rate would give a higher initial velocity to the coolant droplets upon injection from 
the nozzle tip and, thus, the residence time taken for the coolant droplets to travel would 
be less than that for a smaller flow rate. Thus, this is an inverse relationship between the 
residence time and the flow rate. A higher flow rate would reduce the residence time of 




τλ ν ρ= ) mentioned in the earlier paragraph, the 
residence time τd is a factor in the λ term that would affect the best-fit curve of the 
simulation result. Thus, for different residence times, different best-fit curves would be 
generated. 
 
5.3 Nozzle designs for nozzle position at the top 
The experiments were conducted with the nozzle position at the top of the glass column 
and thus the trajectory of the coolant was in a downward direction. Two different nozzle 
designs were used for the range of experiments conducted. The nozzles used were shower 
(vertically down) spray and fountain (inclined) spray types. The nozzles were made of 
plastic and holes were drilled to the required diameter for injection. The injection of 
coolant was from the top of the glass column. 
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Fig. 5.3b Fountain spray nozzle design. 
 
5.3.1 Nozzle operating in er mode (vertically down)  
The experiments conducted for the shower spray nozzle d gn were fo le diam s 
of 4mm and 6mm and flow rates of 4 nd 6l/min. was found or a n  
diameter of 4mm (see Appendix C for experimental results), the production of ice slurry 
as not optimum. Thus the production of ice slurry was minimal as compared to the ice 
f ice slurry 
agglom ation lso pr on  i u  th  
ol  sub rmation of hindered due to the 
agglomeration at the top. The experimental and predicted results were plotted for 
analysis, as described below.  
 show
esi r nozz eter
l/min a  It  that f ozzle
w








ice slurries would be 
ce slurries wo ld float to e top of
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Fig. 5.3.1a shows the different profiles for the water temperatures. The dotted line, 
labeled A, in the graph above shows the measured water temperatures recorded by the 
data logger. The experimental water temperature plot consists of two sections: a gentle 
decline in temperature curve and a flat portion. The slope represents the sensible cooling 
part of the experiment, where the water is cooled till the point of ice formation, and the 
flat part represents the formation of ice. 
 
The dotted line represented by B, is found by a correlation [19] (see Appendix B), which 
gives a heat transfer coefficient of 4875 W/m
Fig. 5.3.1a Plot of water and coolant temperatures for 6mm nozzle and 4l/min. 
fficient represents a curve, line B, that follows the general slope and 
hape of the experimental water temperature profile but it does not give a close fit. The 
2K for the sensible cooling part. This value 
of heat transfer coe
s
best fit from the simulation program, which is represented by the dotted line C, gives a 
heat transfer coefficient of 190 W/m2K for the sensible cooling portion of the curve, 
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which explains why the correlation curve given by B does not fit closely with the 
experimental water temperature curve represented by A. Curve D shows the inlet coolant 
temperature and it is also a downward sloping line which is cooled in the heat exchanger 
before being injected into the water for the process of direct heat transfer to take place.  
20
25
Experimental Water Temperature Fit (A)


















Simulation Water Temperature Best Fit (C)






ig. 5.3.1b Plot of water and coolant temperatures for 6mm nozzle and 6l/min. 
e correlation is indicated by the dotted line B. 
The heat transfer coefficient for the sensible cooling portion found from the correlation is 
4253 W/m2K. The general agreement of the slope is there but there is a difference of a 
few degrees Celsius with the experimental water temperature curve. The curve 
F
 
Fig. 5.3.1b shows the temperature profiles for the same nozzle diameter of 6mm but with 
a bigger flow rate of 6l/min. The temperature profiles are similar to Fig. 5.3.1a described 
earlier. 
 
The dotted line represented by A shows the experimental water temperature profile. The 
water temperature profile given by the sam
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represented by C is given by the simulation results, which represents the best fit curve 
with a heat transfer coefficient value of 433 W/m2K. This value is also for the sensible 
cooling portion of the experiment and is higher than the best fit value for the case for 
l/min. Dotted line D represents the inlet coolant temperature profile. 
5.3.2 Nozzle operating in fountain mode (inclined) 
The experim re it , which spray coolant in fountain mode. 
Two different nozzle diam of 4m mm an  rates  a
were considered in this study. The production of ice slurry for a nozzle diameter of 4mm 
(s pendix C) was not good as red with  6mm nozzle diameter. There 
was also a p ing ice form
e location of the nozzle within the water. Thus, as more ice slurries were formed, they 
subsequently rate of pro  slur  exper
predicted results were plotted for analysis below.  
4
 
ents we conducted w
eters 
h nozzles
m and 6 d flow  of 4l/min nd 6l/min 
ee Ap as  compa the
roblem of the nozzle being clogged upon reach ation stage due to 
th
would coalesce towards the nozzle tip, which was submerged in the water, and 
duction of ice ries would be reduced. The imental and 
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Plot of water and coolant temperatures for 6mm nozzle and 6l/min. 
ig. 5.3.2a shows the various temperature profiles for the fountain spray nozzle design 
r a flow rate of 4l/min and Fig. 5.3.2b shows the case for a flow rate of 6l/min. For Fig. 







5.3.2a, the correlation heat tr
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heat transfer coefficient is 320 W/m2K. For Fig. 5.3.2b, the correlation heat transfer value 
 4253 W/m2K and the best-fit value for the heat transfer coefficient is 374 W/m2K. To 
summarize the results for the location of the nozzle at the top, a tabulated form is shown 
below. 
 














Flow Rate of 
Coolant, l/min 
Correlation Best Fit
4.015 4 4875 190 
Shower (Down) 
3.648 6 4253 433 













Coolant, Formation, Water, 
Mass of 
Table 5.3.2b Ice formation rates under different experimental conditions. 
Nozzle Flow Rate of 
l/min 





4 50 2.015 Shower 
(D .023 own) 6 35 3
4 40 2.015 
Top 6 10 
Fountain 
(Inclined) 6 30 3.023 
 
The heat transfer coefficients, residence time and rate of ice formation for different 
experimental conditions are shown in Tables 5.3.2a and 5.3.2b. From the table, we can 
observe that for a flow rate of 4l/min, the residence time for the drops to travel down 
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from the nozzle tip to the bottom of the glass column is 4.11s. If the flow rate is increased 
to 6l/min, the time taken for the drops to travel down to the bottom of the glass column 
reduces to 3.65s. For the shower spray type nozzle design, the heat transfer coefficient for 
a flow rate of 4l/min is 190 W/m2K and the heat transfer coefficient for 6l/min is 433 
W/m2K. For the fountain spray pattern nozzle design, the heat transfer coefficient for 
4l/min is 320 W/m2K and 374 W/m2K for 6l/min flow rate. For both nozzle designs, a 
higher heat transfer coefficient is recorded for a higher flow rate. A higher heat transfer 
coefficient value is obtained for a shorter residence time. This could be due to the lamda 
(λ) term in the governing equation, which consists of the product of the residence time 
and the heat transfer coefficient as variables. The λ term is given by d da h d
d d dc
τλ = ν ρ as 
discussed earlier in the preceding chapter. As the rest of the parameters are constants, the 
λ term would be determ
and the residence time to find the best-fit of the simulation water temperature profile with 
the experimental water temperature profile. The method of finding the best-fit profile is 
by the least squared method, which is the summation of the error difference in the water 
temperatures and the lowest value of the error difference would give the corresponding 
value of the best-fit curve. Thus by varying the heat transfer coefficient values, with the 
residence time being a constant for a given flow rate, a range of simulation water 
temperature profiles would be generated and using the method of least squared error, the 
best-fit curve would be found which would give the corresponding best-fit heat transfer 
coefficient value.  
value of the ined by the product of the heat transfer coefficient 
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A higher heat transfer coefficient value is observed for a higher flow rate due to the 
residence time being a lower value for a higher flow rate, and also since the product of 
these two parameters would determine the simulation water profile. For the shower 
nozzle design, for a decrease of 9.1% (4.02s to 3.65s) in the residence time and an 
increase of 50% (4l/min to 6l/min) in the flow rate, the increase for the heat transfer 
coefficient is 127.9% (190 W/m2K to 433 W/m2K). For the fountain nozzle design, for 
the same percentage decrease in the residence time and the same percentage increase in 
the flow rate, the increase in the heat transfer coefficient is 16.9% (320 W/m2K to 374 
W/m2K). 
 
The effects on the ice formation time could also be seen with an increase in flow rate and 
a decrease in the residence time. For the shower nozzle design, there is a decrease in the 
total time needed for ice formation. The percentage decrease is 30% (50min to 35min). 
For the fountain nozzle design, the percentage decrease is found to be 25% (40min to 
30min). 
 
The ice formation rate for the shower and fountain nozzle designs were also measured 
and recorded as shown in Table 5.3.2b. The amount of ice for the shower nozzle design 
for a flow ra in  to g o  1
ice) and 3.02kg of ice slurry 0kg o 0.2% ice) for a flow
for an increase in flow rate from 4l/min in (50%), the increase in urry fo d 
w xi % (2.0 g to 3.02 milar experimental results were found for 
the fountain nozzle design.  




f ice slurry for 0kg of water (20.2% 
 rate of 6l/min. Thus 
to 6l/m  ice sl rme
as appro mately 50 2k kg). Si
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During ice formation, the heat transfer coefficients were also estimated using a least 
uared measurement technique. The results are tabulated in Tables 5.3.2c and 5.3.2d 
elow. 






Heat t er coeffic t values obtain d for ice form tion. 
eat sfer 






















4.015 4 190 24 
Shower (Down) 
3.648 6 433 123 




3.648 6 374 118 
Fountain 
 
Table 5.3.2d nta e o nsfer t val  
t Trans efficie
W/ 2K 






















Ice Form tion 
ercentage 
) 
4 190 24 -87.37 
Shower (Down) 
6 433 123 -71.59 
4 320 43 -86.56 
Top 
(Inclined) 6 374 118 -68.45 
Fountain 
 
ra fficie  ice fo ere found to be conside  
in value as compared with the heat transfer coefficients during sensible cooling. For the 
, the percent decrease i at 
The heat t nsfer coe nts during rmation w rably lower
shower nozzle design, with a flow rate of 4l/min age n the he
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transfer coefficient during ice formation wa 4% and similar percentage decreases 
were found for the other case
.4 Nozzle design for nozzle position at the bottom 
diameter 3mm 







It was also found that for the shower nozzle design, for an increase in flow rate from 
4l/min to 6l/min, the increase in the heat transfer coefficient during ice formation is 
412.5% (24 W/m2K to 123 W/m2K) and 174.4% (43 W/m2K to 118 W/m2K) for the 
fountain nozzle design.  
 
5
For these experiments, the location of the nozzle was at the bottom and, thus, the 
trajectory of the coolant consists of an initial upward motion, when the coolant droplets 
leave the tip of the nozzle after injection, and then cascading downward, when the 
droplets reach the top of the trajectory. The nozzle location is at the coolant level and is 
not in contact with the water and, thus, there is no problem of ice agglomeration as well 
as ice coalescing at the nozzle tip. This was found to be the best position for the nozzle 
location for ice slurry production. The nozzle is made of a copper pipe of 
a
vertically upward direction. The measured results for different experimental conditions 
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Fig. 5.4a Nozzle assembly design. 
 
5.4.1 Experiments conducted with nozzle position at the bottom 
The experiments conducted for the nozzle po  at the bottom were for a nozzle 
diameter of 3mm and flow rates of 8l/min and 10l/min. The experiments were conducted 
 analyze the rate of cooling and the amount of ice slurry formed under the different 
xperimental conditions. The best-fit heat transfer coefficient values for the various cases 
ere determined by the least square method. The experimental and predicted results are 
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ig. 5.4.1b Plot of water and coolant temperatures for 3mm nozzle and 10l/min. F
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Fig. 5.4.1d Plot of water and coolant temperatures for 3mm nozzle and 10l/min. 




Fig. 5.4.1a – d, presented above represent experimental conditions of nozzle diameter of 
3mm and flow ra
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includes the sensible cooling portion (slope) and the ice formation portion (horizontal). 
sensible cooling portion of the 
80 W/m2K to 105 W/m2K), 62.5% (80 W/m2K to 130 W/m2K) and 106.25% (80 
/m2K to 165 W/m2K).  
The correlation heat transfer coefficient values for the 
curve are 5775 W/m2K and 5310 W/m2K for a flow rate of 8l/min and 10l/min, 
respectively. For a flow rate of 8l/min, the best-fit value for the sensible portion of the 
heat transfer coefficient is 80 W/m2K. For a flow rate of 10l/min, the values obtained are 
105 W/m2K, 130 W/m2K and 165 W/m2K for the three cases. Thus for a higher flow rate, 
the heat transfer coefficient value is higher. This could be attributed to the fact that for a 
higher flow rate, more coolant is injected into the water for direct contact heat transfer to 
take place and, thus, the heat transfer is more effective which concurs with a higher heat 
transfer coefficient value. For a percentage increase of 25% (8l/min to 10l/min) in the 




Table 5.4.1a Heat transfer coefficient values under different experimental conditions. 
Heat Transfer 










3.619 8 5802 80 
3.452 10 5310 105 
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Flow Rate of 
min kg 
Mass of 
0.231 25 3.023 
0.288 30 4.031 


























3.619 8 80 40 
3.452 10 105 47 





3.452 10 165 52 
 
Table 5.4.1d Percentage difference of heat transfer coefficient values for ice formation. 
Heat Transfer Coefficient, 














8 80 40 -50.00 
10 1 7 4 05 4 -55.2
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From Table 5.4.1a, the residence time for a flow rate of 8l/m  is a .61% .619
3.452) higher than the residence time recorded for a flow rate of 10l/min. This is 
gher initial exit velocity from the nozzle tip 
which allows a lesser time needed for the coolant droplets to travel up and then down the 
lass column.  
ansfer coefficients during sensible cooling. As can be seen from Table 5.4.1d, for a flow 
ee nozzle locations 
he experimental results for the three different nozzle locations have been discussed in 
in bout 4  (3  to 
attributed to a higher flow rate having a hi
g
 
For a 25% increase in the flow rate (8l/min to 10l/min), the decrease in the heat transfer 
coefficient for the correlation was 8.48% (5802 W/m2Kto 5310 W/m2K). For the same 
percentage increase in the flow rate, the increase in the mass of ice formed during ice 
formation was 33.34% (3.023 kg to 4.031 kg). From Table 5.4.1b, we observed that the 
time taken for ice formation ranges from 25 minutes to 70 minutes and for 7.5 kg of 
water, the percentage of ice slurry formed under the different experimental conditions 
were 40.31% (3.023 kg of ice slurry) and 53.75% (4.031 kg of ice slurry). 
 
During ice formation, the heat transfer coefficients were much lower than the heat 
tr
rate of 8l/min, the percentage decrease in the heat transfer coefficient is 50% (80 W/m2K 
to 40 W/m2K). For a flow rate of 10l/min, the percentage decrease ranges from 55.24% to 
42.31% to 68.48%.  
 
5.5 Summary of the effect of the thr
T
the paragraphs above and this section presents a summary of the results for different 
National University of Singapore  59   
Department of Mechanical Engineering 
Chapter 5 Results and Discussion: Ice Storage Performance 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
locations of the nozzle. The predicted water temperatures from the graphs discussed 
earlier were in agreement with the experimental temperatures, and the general slope and 
shape of the theoretical figures obtained were similar to the experimental figures. The 
odel is able to predict quite accurately the general trend of the experimental water 
mperatures for the conditions considered here. As observed from the experimental 
plots, there would be a slight increase of the water temperatures after a certain time. This 
is the point where ice formation has taken place. This increase could be attributed to the 
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T  
experimental coolant temperatures were plotted and a general equation of the 
nger for the first time. There 
perature at the exit of the heat exchanger after 
he predicted water temperatures were obtained from a simulation program. The
experimental values was obtained which was used in predicting the theoretical water 
temperatures. 
 
Depending on the plot of the coolant temperatures, it would generally consist of a linear 
portion and a polynomial portion. The linear portion would usually occur in the first 300 
seconds (5 minutes), when the coolant enters the heat excha
would be a sharp drop in the coolant tem
one run through the heat exchanger. This phenomenon could be attributed to the fact that 
there is already coolant being cooled in the heat exchanger before the data logger starts 
recording the coolant temperature and when the pump is started, this “cooled” coolant 
would then exit the heat exchanger first and the sudden drop in the temperature is 
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4 50 2.015 190 24 Shower 
(Down) 6 35 3.023 433 123 







3.023 374 118 
8 25 3.023 80 40 
10 30 4.031 105 47 







4.031 165 52 
 
From the figures given in Table 5.5a above, for an increase in the flow rate, the time 
ken for ice formation is reduced when the nozzle location is at the top for both shower 
, 
se in e formation significantly, 
us the time taken for ice formation was not sensitive to an increase in the flow rates. 
r for the case of the nozzle 
for the experiments conducted as represented by A, B and C. Location A corresponds to 
ta
and fountain spray nozzle designs. For the case where the nozzle is located at the bottom
an increa the flow rate did not reduce the time taken for ic
th
The heat transfer coefficient values are, generally, lowe
location at the bottom as compared with the values for the cases when the nozzle location 
is located at the top but the amount of ice slurry formed is more when the nozzle location 
is at the bottom. 
 
5.5.1 Best possible nozzle location for ice formation 
The schematic diagram shown in Fig. 5.5a illustrates the three different nozzle locations 
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the shower spray nozzle design where the nozzle location is placed at a level above the 
water in the glass column and upon injection of the coolant, the spray direction is 
vertically downwards. At this location, when ice formation is reached, ice slurries would 
float to the top of the water level and coalesce there. As more and more ice slurries were 
formed, agglomeration of ice slurries would take place and thus, big blocks of ice slurries 
would form. These would then sink down to the bottom as the coolant is injected into the 
ice slurries. Thus entrapment of the coolant droplets could be found in the blocks of ice 
slurries. 
 
Location B corresponds to the fountain spray nozzle design where the nozzle tip is 
submerged in the water level. Upon ice formation, there would be coalescing of ice 
slurries at the nozzle tip and partial clogging would be encountered. With more ice 
urries being formed, agglomeration would take place at the nozzle tip and clogging at 
the nozzle would reduce the injection of the coolant to a minimum. With time, 
with the 
entrapment of the coolant within the ice blocks, these would cause the ice slurries to sink 
to the bottom. 
 
Location C shows the nozzle position, whereby, the tip of the nozzle is submerged in the 
coolant level, and thus no contact is made with the water. In this position, it was found 
that clogging was an absolute minimum and there was no agglomeration of ice slurries 
that would cause them to sink to the bottom. This is because ice slurries that were formed 
would all float to the top and coalesce there and as there was no entrapment of coolant 
sl
agglomeration would result in big blocks of ice slurries being formed and 
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droplets within them, there was no problem of the ice slurries sinking that was 
encountered by the two previous nozzle locations.  
 
Thus we can conclude that the optimum location for the nozzle is at position C, where the 
nozzle tip is submerged in the coolant level.  
 
5.5.2 Production rate of ice slurry 
From the results discussed in the preceding sections, the rate of production of ice slurry 
varies for the three different nozzle locations. A comparison of the amount of ice slurry 
produced as well as the heat transfer coefficients during sensible and ice formation would 
be presented below in a tabulated form for analysis.  
 























mm l/min kg Sensible 





6 30 3.023 374 118 
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From table 5.5.2a above, we can see that the time for ice formation for all three nozzle 
 clo ng
m re th tank or of  
nozzle location is at the top is about 10kg, and 7.5kg when the nozzle location is situated 
at the bottom. This is because when the nozzle location t the top, the amount of water 
sed can be more due to the fact that the coolant droplets are falling down with the aid of 
ottom. The amount of water 
The flow rates that give the best results for ice slurry production for the different nozzle 
ave production, 
the percentage of ice slurry produced can be found. For the shower nozzle design and the 
fountain spray nozzle design for a flow rate of 6l/min, the percentage of ice slurry 
produced was about 30% for both cases. 
 
For the nozzle location at the bottom, for a flow rate of 8l/min, the percentage of ice 
slurry produced for the experiment was about 40% and for a flow rate of 10l/min, the 
percentage increased to about 50%. Thus, based on the experimental results obtained, the 
optimum ice slurry production is found when the nozzle location is at the bottom and the 
flow rate is set to 10l/min. 
 
locations for the different flow rates are quite
inutes befo
se, within a ra
med. The mass 
e of 25 minutes to 35 
water used when thee whole of ice slurry is f
 is a
u
gravity as opposed to when the nozzle location is at the b
used when the nozzle is located at the bottom is less due to the fact that there is an initial 
resistance upon injection of the coolant and thus a smaller amount of water is needed for 
effective distribution of coolant droplets for ice slurry formation. 
 
locations h  been given in the table above. For each flow rate for ice slurry 
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Chapter 6 Results and Discussion: Heat Transfer Correlation 
 
maller experimental rig was set up to conduct controlled experiments to find out the 
ffects of the nozzle diameter and the flow rate till the commencement of ice formation. 
und. 
Num mp
coefficients for the experiments. A generalized heat transfer correlation would be found 
from experiments conducted.  
 
The location of the nozzle was placed at the top above the water level and the coolant 
was sprayed downwards into the water in a vertical jet. Three different nozzle diameters 
were used to find the effects on the rate of ice formation. The sizes for the nozzle 
diameter used were 6mm, 7.5mm and 9mm. The glass column used for the experiment 
has an inner diameter of 50mm and an outer diameter of 76mm. The height of the glass 
column is 1m. The flow rates used were for a range between 0.8l/min and 1l/min and the 
scanning intervals were set at 1 minute.  
 
The schematic diagram of the setup is shown in Fig. 6a below. The numerical model used 
to simulate the process has been described in Fig. 3.2a. The experimental and numerical 






The heat transfer coefficients for the range of the experiments conducted were also fo
erical results were also plotted for co arison and to find the heat transfer 
 the 
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Fig. 6a  Schematic diagram of small experimental setup. 
 
6.1 Experimental results for 6mm nozzle diameter  
The experiments conducted for the 6mm nozzle diameter were for flow rates of 0.8l/min, 
0.9l/min and 1l/min. The experimental water temperature, water temperature, obtained 
from the correlation, simulation water temperature for the best-fit case, and the inlet 
coolant temperature were plotted for analyses. The experiments were conducted with the 
nozzle position at the top of the glass column and thus the nozzle delivered the coolant in 













TC 2 TC 3 
TC 4 
TC 1 
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thermal stratification in the water level when the experiments were conducted. Results 
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Fig. 6.1b Plot of water and coolant temperatures for flow rate of 0.9l/min. 
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Fig. 6.1c Plot of water and coolant temperatures for flow rate of 0.8l/min. 
 
From Fig. 6a - c, it can be observed that there is a gradual downward slope till the point 
of ice formation. A 6mm nozzle diameter was used to inject the coolant into the water 
and flow rates were set at 0.8l/min, 0.9l/min and 1l/min. The volume of coolant and water 
was set at a constant value to ensure compatibility. The time for ice formation to take 
place is about 1140 seconds (19 minutes) for a flow rate of 1l/min, 1200 seconds (20 
minutes) for a flow rate of 0.9l/min and 1320 seconds (22 minutes) for a flow rate of 
0.8l/min. Thus by decreasing the flow rate, the time taken for ice formation increases. At 
the point of ice formation, there is a slight upward increase in the water temperature, 
which can be attributed to the absorption of the latent heat of fusion by water when 
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Table 6.1a Comparison of ice formation rates for varying flow rates for 6mm. 
Coolant, l Water, l Diameter, mm C  Ic in 
Volume of Volume of Nozzle Flow Rate of Time Taken to Reach 
oolant, l/min e Formation, m
1 19 





6.2 Experimental results for 7.5mm le diame
The experiments conducted for the 7.5m ozzle diam  were for  flow rates of 
0.8 , 0.9l/m nd 1l/ The expe ntal water  temperature, 
obtained from the correlation, simulation water temperature for the best-fit case, and the 
inlet coolant temperature were plotted for analyses.  
 nozz ter 
m n eter  some
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Fig. 6.2a Plot of water and coolant temperatures for flow rate of 1l/min. 
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Table 6.2a Comparison of ice formation rates for varying flow rates for 7.5mm. 
Volume of Volume of Nozzle Flow Rate of Time Taken to Reach 
Coolant, l Water, l Diameter, mm Coolant, l/min Ice Formation, min 
1 18 
0.9 19 0.5 1.5 7.5 
0.8 21 
 
Table 6.2a above shows the times taken to reach ice formation and with a decrease in the 
flow rate, the time taken to reach ice formation increases. The time taken for ice 
formation to take place is about 1080 seconds (18 minutes) for a flow rate of 1l/min, 
1140 seconds (19 minutes) for a flow rate of 0.9l/min and 1260 seconds (21 minutes) for 
a flow rate of 0.8l/min. 
 
6.3 Experimental results for 9mm nozzle diameter  
Experiments were conducted for the nozzle diameter of 9mm with the same flow rates of 
0.8l/min, 0.9l/min and 1l/min for repeatability and comparison with the other two nozzle 
diameters. The experimental and predicted results would be presented below for 
illustration.  
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ig. 6.3b Plot of water and coolant temperatures for flow rate of 0.9l/min. F
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Fig. 6.3c Plot of water and coolant temperatures for flow rate of 0.8l/min. 
  







Flow Rate of 
Coolant, l/min 
Time Taken to Reach 
Ice Formation, min 
B
1 20 
0.9 21 0.5 1.5 9 
0.8 22 
 
The time taken for ice formation to take place is about 1200 seconds (20 minutes) for a 
flow rate of 1l/min, 1260 seconds (21 minutes) for a flow rate of 0.9l/min and 1320 




results of increasing time taken to reach ice formation for decreasing flow rates. 
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6.4 Comparison of results for the three nozzle diameters 
Experiments have been conducted for the three nozzle diameters of 6mm, 7.5mm and 
9mm and the experimental results have been tabulated and are shown below for analyses. 
icient value is shown in 
Fig. 3.2a. A general correlation [19] (see Appendix B) was used to compute the heat 
transfer coefficient value to compare with the best-fit value. 
 
The drop size of the coolant was measured by using a video recorder under different 
experimental conditions as described earlier. The width of the glass column was exactly 
the same as the width of the television screen, which was used to film the controlled 
experimental conditions. After recording the drop movement, the video was reviewed to 
evaluate the average value of the drop diameter. A sample size of 50 was taken to 
compute the average diameter of the coolant droplets. A sample plot showing the 
frequency distribution of the drop diameter would be illustrated below. 
 
The residence time of the coolant droplets was also computed as described earlier. The 
experiments were conducted by using a stopwatch and recording the time taken for the 
coolant drops to travel down to the bottom of the glass column with the location of the 
nozzle at the top. A total of 50 recordings were taken and the average computed to obtain 
a mean value of the residence time of the coolant droplets. A sample plot of the 
frequency distribution of the residence time would also be illustrated below. 
The model used for computation of the best-fit heat transfer coeff
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Nozzle Diameter = 6 mm
Mean = 0.585 cm
Std Deviation = 0.03 cm
 
 diameter of 6mm. 
 
Fig. 6.4a Plot of drop diameter size frequency for nozzle
0















Nozzle Diameter = 6 mm
Mean = 3.30 s
Std Deviation = 0.254 s
 
Fig. 6.4b Plot of residence time frequency for nozzle diameter of 6mm. 
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Table 6.4a Tabulated results for the three different nozzle diameters. 
Heat Transfer 











Correlation Best Fit 
of of Diameter, of Coolant, 
Time Taken 
to Reach Ice 
C
1 19 4369 600 
0.9 20 4369 620 6 
0.8 22 4369 680 
1 18 3821 660 
0.9 19 3821 780 7.5 0.5 1.5 
0.8 21 3821 840 
1 20 3290 740 
0.9 21 3290 830 9 
0.8 22 3290 950 
 
From the table above, we can observe that for an increase in flow rate, the time taken to 
reach ice formation decreases but for an increase in nozzle diameter, the time taken to 
ach ice formation differs marginally. This could be attributed to the fact that the 
crease in the nozzle diameter is minimal. Thus the time taken to reach ice formation is 
not affected much by the difference in the nozzle sizes. An increase in the flow rate 
would lead to a decrease in the time taken for ice formation because for any given time, 
more coolant droplets would be injected into the water for cooling and thus more 
effective cooling would take place. Therefore, for a higher flow rate, the time taken 
would be smaller than for a lower flow rate. This is illustrated in the table above. 
 
For the same flow rates, the time taken to reach ice formation differed a bit for the 
different nozzle diameters. The times taken for the 9mm nozzle diameter were marginally 
re
in
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longer for the same flow r mm nozzle and the 6mm 
nozzle. This could be due to the fact that a larger nozzle diameter would result in a larger 
coolant droplet and thus the number of droplets would be less for a same given flow rate 
itation of keeping the range of the nozzle 
eters within these values was due to the diameter of the copper pipes used. The outer 
ates when compared with the 7.5
and thus the area of direct contact would be reduced during sensible cooling. The reason 
could be due to the small amount of water used for the experiments, which reduced the 
sensitivity of the nozzle diameter to the time taken to reach ice formation. 
 
Another reason could be that the increase in the nozzle diameter was not of a significant 
factor and thus the effect of that on the ice formation rate was not very evident. From 
6mm to 7.5mm, the percentage increase was about 20% and from 7.5mm to 9mm, the 
percentage increase was about 16.7%. The lim
diam
diameter of the copper pipes used was 6mm and thus, the smallest size of the nozzle 
diameter was also limited by this value. To use a smaller nozzle diameter than 6mm 
would result in clogging in the copper pipes whenever the ice formation stage was 
reached.  
 
The results show a gentle decline in temperature, which represents uniform cooling at a 
constant rate. The best-fit heat transfer coefficients for each experimental condition have 
also been determined from the experimental and predicted values. The best-ft numerical 
results were derived by substituting heat transfer coefficient values and using the least 
square method as described earlier. The error squared would be plotted against the 
corresponding heat transfer coefficient values to determine the lowest value for that 
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particular set of experiments. From the heat transfer coefficients obtained, we can then 
get the Reynolds number and the Nusselt number and a correlation between these two 
could be obtained.  
 
The heat transfer coefficient was calculated using the correlation proposed for a flow past 
ental arrangement is quite different from a uniform flow for which 
e correlation is strictly applicable.  
nsfer coefficient. 
 water temperatures. Thus, for 
efficient, there would be a corresponding numerical 
transfer coefficient values.  
a sphere. For the experiments conducted, the heat transfer coefficients estimated were 
smaller than that of the correlation. This is because the flow pattern around a coolant drop 
in the present experim
th
 
However, it is seen from the curves that the temperature distributions predicted using the 
above two values of the heat transfer coefficient do not differ widely. This is because the 
heat transfer coefficient affects the governing equation through the parameter (1-e-λ) that 
is not very sensitive to the above values of the heat tra
 
Using the least squared method, we can find the minimum point, which would represent 
the lowest value for the heat transfer coefficient for the particular set of experiment 
conducted. The error squared values were obtained by squaring the difference between 
the experimental values with the numerical values for the
every value of the heat transfer co
plot of the water temperatures and from these values, the difference between the 
experimental and numerical values would be squared and plotted against the heat 
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6.5 Heat transfer correlation 
From the experiments conducted the range of heat transfer coefficients have been found 
nd from these values, the corresponding Reynolds and Nusselt number can be a
determined. The Reynolds and Nusselt numbers are found by substituting the values of 
the heat transfer coefficients into the respective equations.  
 
The Nusselt number is a dimensional number measuring the heat transfer occurring at 




= , where L is the characteristic length, kf 
is the thermal conductivity of the fluid and h is the heat trasnfer coefficient.  
 
The Reynolds number is also a dimensionless number proportional to inertiaforce  and 
viscousforce
is used in momentum, heat, and mass transfer to account for dynamic similarity. It 
indicates the relative significance of the viscous effect compared to the inertia effect. The 
Reynolds number formula is given by Re UL ULρµ ν= =  where ρ is the fluid density, U is 
the characteristic velocity, L is the characteristic length, µ is the viscosity coefficient and 
ν is the kinematic viscosity. The characteristic dimensions for this experiment undertaken 
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The Nusselt and Reyno ective formula and the 
plot of the Nusselt against Reynolds number for the various flow rates can be derived. 
mbers against the Reynolds number for the flow rates of 0.8l/min 
l/m w rate, the heat transfer coefficient was 
lds numbers could be found from the resp
 
6.5.1 Nusselt vs Reynolds graphical plots  
A plot of the Nusselt nu
to 1 in would be shown below. For each flo
determined from the least squared method and the corresponding Nusselt number was 
calculated. The experiments were conducted for different nozzle diameters from 6mm to 
7.5mm to 9mm.  
y = 1737.6x - 4.3952










04 0.005 0.006 0.007 0.008 0.009 0.01
N
u
Flow Rate = 1l/min
Flow Rate = 0.9l/min
Flow Rate = 0.8l/min
Linear (Flow Rate = 1l/min)
Linear (Flow Rate = 0.9l/min)
Linear (Flow Rate = 0.8l/min)






As can be observed from Fig. 6.5.1a above, the graph shows an increasing upward trend. 
Generally, for an increase in the nozzle diameter, the Nusselt number would be greater in 
 
Fig. 6.5.1a Plot of Nusselt number against nozzle diameter. 
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value. The shape of the graphs was fairly linear and a higher flow rate would produce a 
lower Nusselt number plot. 
y = 0.0147x - 10.938













Flow Rate = 1l/min
Flow Rate = 0.9l/min
Flow Rate = 0.8l/min
+20% Confidence Level
-20% Confidence Level
Linear (Flow Rate = 1l/min)
Linear (Flow Rate = 0.9l/min)
Linear (Flow Rate = 0.8l/min)
Linear (+20% Confidence Level)
Linear (-20% Confidence Level)
0.9l/mi






ental results obtained, the empirical correlation of the Nusselt and 
the 
Nusselt number, Re is the Reynolds number and both C and n are constants to be 
determined from the experiments. Firstly, the log of the Nusselt and Reynolds number 
 
Fig. 6.5.1b Plot of Nusselt number against Reynolds number. 
 
The figure above shows the plot of the Nusselt numbers against the Reynolds numbers 
for the range of experiments conducted for different flow rates and different nozzle 
diameters. For an increase in the Reynolds number, the Nusselt number is so higher 
generally. The overall trend of the slope is fairly linear with an upward slope. From these 




Reynolds numbers could be determined in the form of Nu = CRen where Nu is 
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would be taken and a separate graph  of these values would be plotted in order to 
determine the slope and the y-intercept of the various graphs for different experimental 
conditions. The functional relationship between Nu and Re numbers, as described earlier, 
is as follows. 
(similar to the form of Y = mX + C) 
 
Thus, from the above equation, the form is similar to a linear equation and thus by 
plotting log Nu (Y) against log Re (X), we would be able to get a linear graph with a y-
intercept of C and a gradient of m. The following section would show the log plots of the 
usselt and Reynolds number to determine the n and C values to find the empirical 
correlation. 
Re




⇒ = +  
N
y = 2.2764x - 6.1815
y = 2.6845x - 7.4094














Flow Rate = 1l/min
Flow Rate = 0.9l/min
Flow Rate = 0.8l/min
Linear (Flow Rate = 1l/min)
Linear (Flow Rate = 0.9l/min)





Fig. 6.5.2a Plot of logNu against logRe for different experimental conditions. 
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From the equations shown in the graph above, which is in the form of Y = mX + C, the 
omparison of the m and C values could be found for the different experimental 
conditions. The derivation would be shown in Table 6.5.2a. 
 
Table 6.5.2a Tabulated C and n values for different experimental conditions. 
Equation Gradient Value, n Constant Value, logC Constant Value C 
c
Y = 2.2764x – 6.1815 2.2764 -6.1815 6.5842E-07 
Y = 2.6845x – 7.4094 2.6845 -7.4094 3.8958E-08 
Y = 2.7963x – 7.7149 2.7963 -7.7149 1.9280E-08 
Average 2.5857 -7.1019 7.9086E-08 
 
have been determined and the empirical correlation for the different experimental 
parameters have also been found from the experimental results.  
 
Therefore, from the experiments conducted, the empirical Nusselt correlation could be 
found and the empirical Nusselt correlation for the different flow conditions and different 
nozzle diameters is Nu = 7.9086x10 Re  as derived from the tabulated results above. 
 
The experiments and graphs have shown the sensitivity of the ice formation rate towards 
the changes in the different experimental parameters such as the nozzle sizes and flow 
rates and using the theoretical model, with the method of the least squared error, the heat 
transfer coefficients have been determined and the empirical Nusselt correlation has been 
found.  
 
The tabulated n and C values for the Nusselt correlation for the separate flow conditions 
-8 2.5857
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For a larger flow rate, the rate of i  been faster due to the increase of 
coolant droplets within a given specific time and thus greater cooling takes place. It was 
observed that the rate of ice formation was more sensitive towards the changes in the 
w ra
ce formation has
flo tes than for changes in nozzle diameters.  
 
 
National University of Singapore  85   
Department of Mechanical Engineering 
Chapter 8 Recommendations 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
Chapter 7 Conclusions 
 










gn. The problem of ice agglomeration and 
coalescence of ice particles into large blocks occurred during ice production and, thus, 
the production of ice slurry was not at its most advantageous. 
 
The location of the nozzle that produced the best results in production of ice slurry was 
for the placement of the nozzle location at the bottom of the glass column. The placement 
of the nozzle at the bottom in the coolant level reduces the possibility of clogging and ice 
agglomeration during ice formation and thus ice slurries could be formed successfully for 
extraction. The pressure of the nozzle point allowed uniform distribution of the coolant 
upon injection. This resulted in a greater mixing of the water and ensured that there were 
no areas of thermal stratification. Thus the process of direct contact heat transfer was the 
earch has been carried out successfully for production of ice slurry using dire
cont heat transfer. An ice slurry system has been fabricated and tested. A mathematical 
has been developed for validation and to study its performance. Different nozzle m
locations have also been explored to determine the position best suited for the production
lurries. One of the locations for the placement of the nozzle was at the top using a
show spray nozzle design with the nozzle tip above the water level. Ice slurry was
ed but ice agglomeration would occur and large blocks of ice would sink to th
bott ent of coolant droplets.  
The ond location of the nozzle positions was with the nozzle tip submerged in the 
water level with a fountain spray nozzle desi
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best possible and formation of ice s torage purposes was achieved. The 
experimental conditions best suited for producing ice slurry were also found after 
conducting numerous experiments and by varying the experimental parameters for the 
ifferent nozzle locations. 
 numerical mathematical model was also developed to obtain the theoretical results for 
arison and to validate the accuracy of the model in predicting the experimental 
ater temperatures.  
Th
nsitivi e rate of ice fo
namely 
the flow rates. 





mental results, using the ma am, 







e heat transfer coefficients and the empirical correlation for the experiments were also 
found. The se ty of th rmation was observed by varying the 
experimental parameters. It has been found to be dependent on a few parameters 
the nozzle diameters and By varying these experimental parameters, the 
rate of ice formation was found to vary accordingly.  
 
ity of the rate of ice formation was found to be greater by v e flow 
as compared to varying the nozzle diameter. This could be due to the small 
incremental size of the noz ith changes in the flow rate however, the time 
each ice formation showed a greater sensitivity.  
From the experi thematical model and a simulation progr
the theoretical values were found and plotted against the experimental values for analysis. 
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Using the least squared method, the best-fit heat transfer coefficients for the experiments 
 fo nd and the empirical correlation was also determined.  







The coolant droplet diameter when it exits from the nozzle was also determined and the 
e size of 50 droplets. Similarly, the 
frequency plot of the residence time for the coolant droplets during the process of direct 
contact heat transfer was also complied to give greater understanding during the 
experiments.  
 
Thus the experimental results ha iscussed and validated with the numerical 
model and the theoretical results. The rate of ice formation has also bee ed and 
 effects of changing e meters on the rate of ice formation have 
similarly been looke in the chapters of this thesis. 
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Chapter 8 Recom ons mendati
 
Some areas for recommendations for future work into the research of ice slurry 
8.1 Increment in nozzle injection points 
or the experiments conducted for the production of ice slurry, they were conducted with 
mendation would be to increase the number of nozzle 
holes so as to increase the number of coolant droplets being injected into the water 
volume for cooling during the experiment. This could increase the rate of ice formation, 
which could result in a faster time taken for the overall experiment. Due to the larger 
number of coolant d o  thus the 
time taken would also be reduced. With more nozzle injection points, a bigger and wider 
glass column could be used and production of ice slurry would be increased for the same 
amount of experimental time. 
8.2 Different fluorinert coolants 
Another recommendation would be to use other fluorinert coolants for the experiments. 
o sed is FC-84 and some solubility concerns have 
 
in the specifications sheet by 3M. This would mean that water is almost immiscible in 
FC-84. Upon conducting the experiments, it was found that there could be a possibility of 
an increase in solubility of water in FC-84 during low temperatures and high pressures. 
production could be looked into.  
 
F
one nozzle exit point. A recom
r plets, the mode of direct heat transfer would be greater and
 
For the current experiments, the co lant u
been found during the experiments. The solubility of FC-84 in water was given as 11ppm
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As the coolant was carried out in low temperatures (-5oC to –10oC) and being injected 
into water at relatively high pressures, the solubility of water could have been increased. 
al experiment. The 
water was constantly stirred with a rod while the solution was being cooled by the cold 
 in the coolant solution. 
igital pictures were taken for a clearer understanding. The schematics are shown below. 
       
            












An independent experiment was carried out to investigate if there could be an increase in 
the solubility of water in FC-84 under low temperatures. A beaker was filled with FC-84 
coolant and water and immersed in a cold bath to simulate the actu
bath. At the ice formation stage, some ice particles could be seen
D
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8.2.1 Digital Pictures of Experiment 
Fig.8.2.1a Beaker showing initial levels of FC-84 coolant a
 
I
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Fig. 8.2.1b Red particles of ice in coolant solution after ice
 
Water FC-84  
nd water (in red). 
 
ce Particles  
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ig.8.2.1c Ice partic found at b m of the be . 
 



















Slight de se in coola evel after riment and tial clo ess in
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Ice particles were found in the coolant solution when the ice formation stage was 
was stirred constantly and when the ice formation temperature was 
reached, ice  However, some ice 
 t t solu s wel o  
T ls ec  co afte tion w  reache The 
c ti  be dy w per onc . 
 
T ce icles olan ould  the presence of water 
m t sol whe perature for ice formation is reached, 
th ole he c ution rm into ice particl  decr  in 
th  lev be d poss therm sion of the cool  At 
lo ratu oola dec olum room erature; the 
c uld ack gina , or lant  hav en 
d n th
 
reached. The water 
 particles cou
re detected in





l as at the bparticles we ttom of the beaker.
here was a o a slight d rease in the olant level r ice forma as d. 
oolant solu on had also come clou hen the ex iment was c luded
he presen of ice part  in the co t solution c  be due to
olecules in the coolan ution and n the tem
e water m cules in t oolant sol  would fo es. The ease
e coolant el could ue to the ibility of al expan ant.
w tempe res, the c nt would rease in v e and at  temp
oolant wo  revert b to its ori l volume some coo  could e be
issolved i e water. 
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App  endix C
 




hower spr y nozzle d gn 
Nozzle Dia eter = 4m













Outlet Temp p 
From Glass From Heat 
Exchanger (CColumn (C) Column (C) )
Time(s) Time(min)
22.67198 23.05310 22.56900 18.93925 16.79069 0 0 
16.67603 16.96830 8.85948 19.16677 9.29644 300 5 
13.33041 8 4 9.02169 600 10 13.57410 .5862 15.75594 
11.29085 11.60904 0  8.13084 13.69020 8.56710 90 15
9.96669 10.18689 0  7.49625 12.28097 7.90270 120 20
8.90817 9.14498  0  6.84285 11.28067 7.26927 150 25
8.00560 8.27472  0  6.16965 10.37961 6.57589 180 30
7.25095 7.51824    5.51724 9.62487 5.89850 2100 35
6.51743 6.73181    4.83216 8.86212 5.22011 2400 40
5.82819 6.03820    4.18569 8.15751 4.53673 2700 45
5.17114 5.37553    3.59070 7.51604 3.90829 3000 50
4.63081 4.84260    2.95017 7.52706 3.23990 3300 55
4.05828 4.34460    2.37300 7.03894 2.67541 3600 60
3.53908 3.80568    1.87899 6.54781 2.16287 3900 65
2.99473 3.25378    1.35033 6.01860 1.64833 4200 70
2.49465 2.78073    0.90780 5.55554 1.19374 4500 75
2.00664 2.27275    0.47814 5.09749 0.73615 4800 80
1.55787 1.84261    0.02571 4.64545 0.29455 5100 85
1.08899 1.36656    -0.37722 4.22348 -0.10309 5400 90 
0.68449 0.94142    -0.74352 3.81454 -0.49174 5700 95 
0.28201 0.54621     -1.10091 3.43968 -0.87340 6000 100
-0.13959 0.21288     -1.48899 3.28432 -1.26704 6300 105
-0.08123 0.06617     -1.58106 3.01972 -1.39193 6600 110
-0.11342 -0.00070    -1.78797 2.85634 -1.58476 6900 115 
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Nozzle Diam m 
F = 
eter = 4m




115 Coolant 116 Coolant 
















23.47694 23.44931   22.41159 18.82398 16.88560 0 0 
16.65389 16.99125   9.84057 18.60949 10.30054 300 5 
13.11609 13.47929  9.30597 15.08340 9.76802 600 10 
11.12985 11.39946  8.61693 13.03871 9.08963 900 15 
9.87110 10.10206  7.90512 11.75576 8.35729 1200 20 
8.86389 9.04318  7.15272 10.72941 7.57399 1500 25 
8.01365 8.19388  6.42903 9.86543 6.84065 1800 30 
7.20165 7.40846  5.72415 9.07160 6.13729 2100 35 
6.51442 6.70487   5.05293 8.37601 5.46489 2400 40 
5.78291 5.99229   4.38666 7.65235 4.76852 2700 45 
5.11580 5.27573   3.74712 6.97780 4.11711 3000 50 
4.49397 4.66695   3.14520 6.33432 3.49067 3300 55 
3.85201 4.01825   2.54427 5.70488 2.89721 3600 60 
3.27546 3.48232  2.00175 5.16564 2.33271 3900 65 
2.67576 2.92045 1.48101 4.63442 1.82517  4200 70 
2.13845 2.37754 0.93750 4.08216 1.28366  4500 75 
1.61020 1.80968 0.45438 3.56697 0.76712  4800 80 
1.10508 1.32066 -0.00201   3.06382 0.30654 5100 85 
0.64424 0.87156 -0.42573   2.61078 -0.12607 5400 90 
0.20856 0.43343 -0.84153   2.18480 -0.55169 5700 95 
-0.22914 0.03523 -1.24149  1.74980 -0.97431 6000 100 
-0.46459 -0.35798 -1.62363 1.56338 -1.36795  6300 105 
-0.10537 0.00429 -1.34148   2.73607 -0.78348 6600 110 
-0.08022 -0.18732 -1.78401 1.93924 -1.50283  6900 115 
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Nozzle Diameter = 6mm 




















25.07780 11.76821 0 0 25.14791 21.75324 17.76355 
19.51150 19.38845 0  9.11886 22.29194 9.51424 30 5
15.89824 16.10104 1    9.29013 8.99037 9.69109 600 10
13.66548 13.93837  9.04461 16.73720 9.45230 900 15 
12.13907 12.37051 0 8.61099 15.19967 8.97373 120 20 
10.98396 11.21583  8.01402 14.01896 8.36428 1500 25 
10.02907 10.22980  7.38438 13.02568 7.75683 1800 30 
9.12651 9.40645    6.77652 12.23987 7.12140 2100 35
8.34872 8.60007    6.13995 11.46810 6.44201 2400 40
7.60011 7.84957    5.47764 10.76950 5.80758 2700 45
6.92897 7.16295    4.85988 10.05887 5.19214 3000 50
6.37355 6.56415    4.30548 9.45448 4.58768 3300 55
5.65613 5.92144    3.74415 8.80800 4.03318 3600 60
5.05442 5.30567    3.18084 8.24371 3.47768 3900 65
4.52315 4.74679    2.66703 7.69845 2.94117 4200 70
3.94760 4.24979    2.19183 7.16924 2.48558 4500 75
3.43544 3.71586    1.67901 6.66208 1.94107 4800 80
2.96454 3.20488    1.26321 6.22106 1.55042 5100 85
2.46144 2.74680    0.84840 5.75600 1.08084 5400 90
2.05695 2.30369    0.41181 5.31799 0.65922 5700 95
1.58404 1.86257    0.06234 4.92709 0.27157 6000 100
1.16244 1.44940   -0.09606 4.12225 0.15468 6300 105 
0.75392 0.97435    -0.59799 3.42565 -0.37485 6600 110 
0.31723 0.53224    -0.95043 3.03876 -0.72054 6900 115 
-0.09129 0.18493    -1.28010 2.67092 -1.04624 7200 120 
-0.23920 -0.13443   -1.58106 2.36922 -1.33598 7500 125 
-0.07116 -0.04361   -1.50483 2.89142 -1.32899 7800 130 
-0.05104 0.01627    -1.96122 3.48478 -1.78758 8100 135 
-0.05406 -0.00369   -1.87410 2.73607 -1.67468 8400 140 
-0.10336 0.07914 -2.47503   4.81283 -2.41701 8700 145 
-0.10336 0.86058 -2.33049   10.09696 -6.98389 9000 150 
-0.10336 0.30769    -2.04933 3.61208 -1.96542 9300 155 
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-0.07418 2.52424    -0.63957 5.72893 -3.75380 9600 160 
-0.10034 0.18094    -3.04725 3.82056 -3.44109 9900 165 
-0.11443 0.22286   0 -3.79470 4.73165 -4.26634 1020 170 
-0.18788 0.17695 -2.21664   3.01270 -2.02636 10500 175 
-0.15267 0.16098 -2.21961 2.82226 -1.98240 10800 180 
 
Nozzle Diameter = 6mm 





















23.22035 23.22077  22.55613 18.70772 16.84864 0 0 
16.40335 16.53816 9.61584 18.21158 10.07674 300 5 
13.25897 13.43139 8.96145 15.34500 9.37537 600 10 
11.39750 11.49626 8.39616 13.43863 8.81587 900 15 
10.07133 10.24577 7.74375 12.11659 8.14748 1200 20 
9.09129 9.24178  7.10718 11.16942 7.51305 1500 25 
8.23401 8.36254  6.39042 10.28639 6.78670 1800 30 
7.42503 7.59508  5.73603 9.50460 6.12530 2100 35 
6.71968 6.87852  5.07867 8.83406 5.45290 2400 40 
6.02238 6.19888  4.44012 8.13947 4.81748 2700 45 
5.38244 5.57313  3.88176 7.53508 4.23000 3000 50 
4.77168 4.94040  3.32538 6.94272 3.66651 3300 55 
4.16192 4.36655  2.75415 6.33432 3.06905 3600 60 
3.61958 3.77474  2.19579 5.75700 2.49856 3900 65 
3.07120 3.25678  1.72356 5.25785 2.03398 4200 70 
2.54496 2.74281  1.22460 4.73866 1.49347 4500 75 
2.01871 2.21087  0.72861 4.25054 1.00291 4800 80 
1.54983 1.72684  0.26232 3.74839 0.56431 5100 85 
1.07892 1.28273  -0.12675 3.33544 0.17965 5400 90 
0.63720 0.87455  -0.54354 2.90345 -0.28293 5700 95 
0.25786 0.44441  -0.88113 2.51255 -0.63461 6000 100 
-0.17983 0.07615  -1.27911 2.11765 -0.98730 6300 105 
-0.45352 -0.26616  -1.61571 1.78488 -1.34597 6600 110 
-0.09431 -0.10149  -1.78698 2.49151 -1.57377 6900 115 
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-0.13254 -0.15938  -1.85529 2.11163 -1.61173 7200 120 
-0.09330 0.01926 0.53259 4.32171 0.71517 7500 125 
-0.09330 -0.12844  -1.86420 1.56839 -1.58376 7800 130 
-0.12550 -0.11746 -1.84242 1.67463 -1.54280 8100 135 
-0.05104 -0.06157 -1.86816 2.36922 -1.65769 8400 140 
-0.10739 -0.09650 -2.02260 2.52057 -1.78158 8700 145 
 
F p  de
ozzle Diameter = 4mm 
ountain s ray nozzle sign 
N
















Exchanger Column (C) Exchanger (C) (C) 
Time(s) Time(min)
23.71842 23.592 5 02 22.9105 19.05752 17.11140 0 0 
17.80901 18.50123 9.33963 20.68726 9.78400 300 5 
14.14644  14.71382 9.18222 16.94768 9.64213 600 10
12.00927  12.47231 8.71890 14.64940 9.17155 900 15
10.54123 0.94237 41   1  8.074 13.08381 8.49716 1200 20
9.47365 9.84258 21    7.401 11.96124 7.81378 1500 25
8.66165 8.98829 61    6.668 11.40095 7.05946 1800 30
7.86474 8.19288 769   5.96 10.65524 6.36109 2100 35
7.14732 7.48031 587   5.35 9.96365 5.71467 2400 40
6.49127 6.76974 445   4.70 9.26304 5.05426 2700 45
5.78291 6.10307 194   4.06 8.58048 4.40984 3000 50
5.18824 5.48631 517  3.44 8.16953 3.76442 3300 55 
4.53824 4.88451 394  2.87 7.59722 3.15298 3600 60 
4.02910 4.33462 132  2.34 7.09006 2.63844 3900 65 
3.46664 3.76675 177  1.80 6.53879 2.10792 4200 70 
2.97159 3.25478 934  1.34 6.05869 1.62735 4500 75 
2.44434 2.77574 731  0.85 5.54752 1.11881 4800 80 
1.95331 2.24880 092  0.40 5.07944 0.68020 5100 85 
1.5 1.77874 003 00756 -0.00 4.64344 .26857 5400 90 
1.01352 1.36457 088 --0.41 4.19141 0.16304 5700 95 
0.62010 0.94541 728 -  -0.76 3.78347 0.52771 6000 100
0.21460 0.57415 992 -  -1.09 3.45772 0.89138 6300 105
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-0.16072 0.16996 027 -  -1.56 3.32742 1.35297 6600 110
-0.10437 0.10110 -1.77807 3.13899 -1.58576 6900 115 
-0.09934 0.19591 -2.17704 4.02803 -2.06632 7200 120 























T ) Tim in)
utlet Temp
From Heat ime(s e(m
Exchanger 
(C) 
23.74861 .60300 86 23  22.780 18.99838 17.24728 0 0 
16.70118 7.54414 11 11 10.183 19.25197 0.64622 300 5 
13.21168 3.74077 0 1  1 9.6198 15.53343 0.08573 600 10
11.29789 1.72980 23 9  1 8.884 13.38049 .33141 900 15
9.97977 0.34357 62 8  1 8.152 12.00433 .58608 1200 20
8.9 .29767 33 9269 9 7.389 10.98800 7.80279 1500 25 
8.1 .45436 54 4647 8 6.675 10.13605 7.08343 1800 30 
7.34654 7.64997 5.93997 9.33020 6.33911 2100 35 
6.59391 6.94938 5.26776 8.60754 5.66172 2400 40 
5.91573 6.24479 4.62228 7.91395 5.00231 2700 45 
5.28585 5.57313 4.02135 7.26045 4.35989 3000 50 
4.62276 4.91246 3.36696 6.61096 3.72446 3300 55 
3.97980 4.26376 2.73435 5.96648 3.06705 3600 60 
3.39318 3.68192 2.18490 5.42023 2.53853 3900 65 
2.83474 3.11107 1.68594 4.85493 2.01500 4200 70 
2.26523 2.57814 1.15728 4.33574 1.49547 4500 75 
1.75107 2.03423 0.62961 3.77846 0.95096 4800 80 
1.21677 1.48732 0.15342 3.28132 0.46040 5100 85 
0.77807 1.07415 -0.27030 2.83028 0.03578 5400 90 
0.26088 0.58313 -0.74946 2.32111 -0.44778 5700 95 
-0.12852 0.17495 -1.13457 1.94024 -0.84343 6000 100 
-0.49276 -0.22924 -1.51869 1.52930 -1.23208 6300 105 
-0.10437 0.17595 -1.96617 3.32341 -3.60594 6600 110 
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Nozzle Diameter = 6mm 





















23.69629 .09801 54 24  19.050 18.97834 12.43461 0 0 
17.71845 .32458 3 18  8.8050 20.70630 9.22850 300 5 
14.35372 .78168 1  14 8.8169 17.34459 9.21451 600 10
12.26988 .61402 4  12 8.4278 15.16960 8.86883 900 15
10.81391 .17291 5  11 7.8922 13.63407 8.25138 1200 20
9.71313 0.01124 0  1 7.2537 12.53355 7.66591 1500 25
8.8 .07212 0  0151 9 6.6399 11.65052 7.02349 1800 30
7.9 .24278 78  9957 8 5.958 10.82964 6.33911 2100 35
7.2 .51025 01 1473 7 5.342 10.09696 5.69668 2400 40 
6.57881 6.83560 4.70841 9.40136 5.06425 2700 45 
5.87749 6.19090 4.15203 8.77292 4.47678 3000 50 
5.25365 5.56116 3.57981 8.15851 3.87333 3300 55 
4.66905 4.97134 3.04026 7.57216 3.32782 3600 60 
4.13073 4.37953 2.46408 6.96377 2.76033 3900 65 
3.55116 3.87653 1.99086 6.45059 2.27177 4200 70 
3.01485 3.29570 1.49784 5.96147 1.77921 4500 75 
2.51075 2.85957 1.06422 5.48337 1.35559 4800 80 
2.03683 2.35159 0.62763 5.00728 0.90100 5100 85 
1.58404 1.91546 0.21183 4.61337 0.46540 5400 90 
1.1 .47335 44 8558 1 -0.157 4.20945 0.08174 5700 95 
0.75895 -  1.04022 -0.58017 3.73837 0.33388 6000 100
0.36150 -  0.66796 -0.90093 3.35649 0.68657 6300 105
-0.00174 -  0.28872 -1.23060 3.00067 0.99829 6600 110
-0.3 0.07455 57 -1.36596  5793 - -1.530 2.63985 6900 115
-0.11242 0.04621 -1.80777 3.27029 -1.63371 7200 120 
-0.09632 0.13304 -1.78599 3.86165 -1.44688 7500 125 
-0.10839 0.14202 -2.02953 4.22047 -1.90147 7800 130 
-0.08223 0.15699 -2.16318 4.13227 -2.03235 8100 135 
-0.12349 0.20789 -2.20080 4.51715 -2.14325 8400 140 
-0.07217 0.13004 -2.29188 3.96789 -2.18622 8700 145 
-0.08123 0.15000 -2.01468 3.51686 -1.84952 9000 150 
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-0.07519 0.10509 -2.33742 3.93382 -2.01437 9300 155 
-0.06714 0.12405 -1.79094 3.89873 -1.50683 9600 160 
 
Nozzle Diameter =























23.70000 23.90000 19.10000 19.30000 17.60000 0 0 
17.00000 17.50000 9.58000 19.50000 10.50000 300 5 
13.60000 13.90000 9.58000 15.90000 10.00000 600 10 
11.70000 12.00000 8.98000 13.80000 9.44000 900 15 
10.30000 10.60000 8.29000 12.40000 8.69000 1200 20 
9.38000 9.64000 7.55000 11.40000 7.98000 1500 25 
8.51000 8.73000 6.86000 10.60000 7.27000 1800 30 
7.77000 7.99000 6.21000 9.83000 6.60000 2100 35 
7.06000 7.25000 5.53000 9.10000 5.90000 2400 40 
6.44000 6.65000 4.87000 8.85000 5.20000 2700 45 
5.86000 6.03000 4.27000 8.30000 4.60000 3000 50 
5.24000 5.48000 3.72000 7.74000 4.05000 3300 55 
4.70000 4.86000 3.09000 7.13000 3.43000 3600 60 
4.12000 4.35000 2.59000 6.62000 2.88000 3900 65 
3.59000 3.79000 2.06000 6.06000 2.35000 4200 70 
3.06000 3.27000 1.58000 5.55000 1.86000 4500 75 
2.54000 2.76000 1.09000 5.08000 1.37000 4800 80 
2.07000 2.30000 0.69100 4.62000 0.95200 5100 85 
1.64000 1.86000 0.26400 4.21000 0.52100 5400 90 
1.21000 1.42000 -0.12800 3.80000 0.12900 5700 95 
0.76000 0.98200 -0.47500 3.37000 -0.23500 6000 100 
0.37900 0.63300 -0.85600 3.03000 -0.59000 6300 105 
-0.01280 0.27800 -1.15000 2.68000 -0.92600 6600 110 
-0.06410 -0.00269 -1.50000 2.72000 -1.29000 6900 115 
-0.04600 0.05720 -1.54000 2.60000 -1.33000 7200 120 
-0.03390 0.09310 -1.59000 2.55000 -1.39000 7500 125 
-0.03490 0.14600 -1.82000 3.03000 -1.61000 7800 130 
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-0.06810 0.14200 -1.86000 3.35000 -1.66000 8100 135 
-0.08220 0.07710 -1.88000 2.92000 -1.66000 8400 140 
-0.07320 0.10800 -1.90000 3.27000 -1.71000 8700 145 
-0.08420 0.08710 -1.97000 3.20000 -1.75000 9000 150 
-0.08120 0.16800 -2.37000 4.75000 -2.22000 9300 155 
 
Experimental results for nozzle position at the bottom  
Nozzle Diameter = 3mm 





















19.30221 21.53814 20.54544 17.44929 23.56559 0 0 
11.18419 11.76872 8.63475 11.84296 18.99370 300 5 
8.73208 9.11504 7.12698 10.70235 15.08623 600 10 
7.67456 7.96534 6.50625 9.94561 13.34379 900 15 
6.97224 7.18191 5.96076 9.36428 12.45360 1200 20 
6.43794 6.64499 5.47665 8.82604 11.80418 1500 25 
5.93988 6.11405 4.98363 8.39104 11.28565 1800 30 
5.42168 5.62303 4.51536 7.85181 10.75513 2100 35 
4.99204 5.16196 4.05204 7.40879 10.30153 2400 40 
4.50101 4.69889 3.61743 6.94773 9.84595 2700 45 
4.08847 4.30667 3.22935 6.52075 9.41933 3000 50 
3.62763 3.85258 2.79177 6.07573 8.98872 3300 55 
3.26037 3.48831 2.44428 5.68684 8.59607 3600 60 
2.93738 3.13003 2.10966 5.29594 8.20143 3900 65 
2.55502 2.73482 1.71366 4.99124 7.87073 4200 70 
2.15556 2.40548 1.39191 4.65046 7.52104 4500 75 
1.84263 2.07415 1.12659 4.34175 7.18934 4800 80 
1.54681 1.80169 0.83256 4.00999 6.89061 5100 85 
1.25300 1.46537 0.50784 3.74137 6.62585 5400 90 
0.96824 1.19690 0.26034 3.46574 6.32612 5700 95 
0.92497 0.96437 -0.33366 3.20314 6.04737 6000 100 
0.58488 0.70888 -0.74055 2.97963 5.82257 6300 105 
0.21560 0.39052 -1.12566 2.77215 5.61076 6600 110 
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-0.10839 0.06916 -1.49295 2.51255 5.37198 6900 115 
-0.18386 -0.04960 -1.74837 2.35720 5.20812 7200 120 
-0.13757 0.00230 -2.02161 2.14872 5.01929 7500 125 
-0.04802 0.82465 -1.94142 1.99036 4.82647 7800 130 
-0.11443 -0.03463 -1.76817 1.74880 4.61366 8100 135 
-0.05808 0.06517 -3.22743 1.58743 4.45181 8400 140 
-0.02790 -0.00469 -0.77124 1.47417 4.32092 8700 145 
-0.05104 0.13304 -2.20674 1.30879 4.15607 9000 150 
 
Nozzle Diameter = 3mm 





















21.92236 22.77167 21.20379 17.44929 23.56559 0 0 
12.69047 13.32260 9.43368 11.84296 18.99370 300 5 
9.50384 9.92242 7.75167 10.70235 15.08623 600 10 
8.11025 8.33959 6.93096 9.94561 13.34379 900 15 
7.35661 7.54019 6.39537 9.36428 12.45360 1200 20 
6.83036 6.98431 5.92710 8.82604 11.80418 1500 25 
6.38160 6.55816 5.54397 8.39104 11.28565 1800 30 
5.93887 6.13601 5.15094 7.85181 10.75513 2100 35 
5.56557 5.73281 4.78662 7.40879 10.30153 2400 40 
5.20937 5.37353 4.43913 6.94773 9.84595 2700 45 
4.89343 5.04619 4.09362 6.52075 9.41933 3000 50 
4.55031 4.75378 3.82434 6.07573 8.98872 3300 55 
4.21827 4.40947 3.49863 5.68684 8.59607 3600 60 
3.93955 4.12903 3.21252 5.29594 8.20143 3900 65 
3.61757 3.81566 2.92245 4.99124 7.87073 4200 70 
3.34489 3.52224 2.66406 4.65046 7.52104 4500 75 
3.08730 3.26775 2.38785 4.34175 7.18934 4800 80 
2.85487 3.02923 2.14233 4.00999 6.89061 5100 85 
2.58420 2.80967 1.93344 3.74137 6.62585 5400 90 
2.38900 2.57714 1.72554 3.46574 6.32612 5700 95 
2.18574 2.34460 1.47705 3.20314 6.04737 6000 100 
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1.93721 2.14101 1.31073 2.97963 5.82257 6300 105 
1.77421 1.94940 1.07412 2.77215 5.61076 6600 110 
1.58001 1.77574 0.95334 2.51255 5.37198 6900 115 
1.39487 1.58712 0.73752 2.35720 5.20812 7200 120 
1.21275 1.39251 0.57417 2.14872 5.01929 7500 125 
1.10307 1.28373 0.47418 1.99036 4.82647 7800 130 
0.94208 1.11906 0.33756 1.74880 4.61366 8100 135 
0.77706 0.96237 0.17916 1.58743 4.45181 8400 140 
0.66940 0.82066 0.05739 1.47417 4.32092 8700 145 
0.58085 0.71786 -0.05943 1.30879 4.15607 9000 150 
0.49030 0.68892 -0.12378 1.14141 3.99122 9300 155 
0.38163 0.54621 -0.23664 0.98405 3.84535 9600 160 
0.26189 0.43842 -0.32970 0.93092 3.74744 9900 165 
0.15020 0.33264 -0.44553 0.77457 3.64753 10200 170 
0.04656 0.23084 -0.54948 0.13710 4.90240 10500 175 
-0.02287 0.15100 -0.60987 -0.37507 4.62865 10800 180 
-0.12550 0.05120 -0.71877 -0.78301 4.29495 11100 185 
-0.10236 0.08413 -0.73065 -1.22101 3.93327 11400 190 
-0.10638 0.21587 -1.39791 -1.46658 3.93227 11700 195 
0.11297 0.18094 0.24945 -1.14684 4.74754 12000 200 
0.01738 0.59511 -1.03557 -1.31824 5.50486 12300 205 
-0.10839 -0.00968 -2.14041 -1.39541 4.56470 12600 210 
-0.08123 -0.33503 -1.97112 -1.20798 4.73655 12900 215 
-0.08827 -0.04261 -3.12249 -1.16689 5.18614 13200 220 
-0.09833 -0.08054 -3.05220 -1.46658 4.02119 13500 225 
-0.07016 -0.46976 -3.25119 -2.06996 4.92138 13800 230 
-0.05205 -0.40688 -3.37098 -1.42248 4.91539 14100 235 
-0.04500 -0.17834 -3.69966 -5.31040 10.83206 14400 240 
-0.06010 -0.02864 -2.33544 -1.86650 4.54872 14700 245 
0.28604 -0.05459 0.05442 -2.10504 4.63664 15000 250 
0.04857 -0.18433 -2.47107 -1.57683 6.25918 15300 255 
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Nozzle Diameter = 3mm 





















23.32600 22.87147 21.91857 17.4493 23.5656 0 0 
13.41091 14.33058 10.02372 11.843 18.9937 300 5 
10.05725 10.55116 8.35458 10.7024 15.0862 600 10 
8.66467 8.94138 7.47447 9.94561 13.3438 900 15 
7.89794 8.05316 6.87057 9.36428 12.4536 1200 20 
7.30730 7.46634 6.38547 8.82604 11.8042 1500 25 
6.82936 6.99429 5.92908 8.39104 11.2857 1800 30 
6.30714 6.49129 5.45289 7.85181 10.7551 2100 35 
5.84026 6.01425 5.00838 7.40879 10.3015 2400 40 
5.46394 5.58910 4.58961 6.94773 9.84595 2700 45 
5.02625 5.19290 4.22034 6.52075 9.41933 3000 50 
4.60666 4.80567 3.83127 6.07573 8.98872 3300 55 
4.22934 4.45438 3.47883 5.68684 8.59607 3600 60 
3.90936 4.08512 3.14718 5.29594 8.20143 3900 65 
3.55418 3.76077 2.84127 4.99124 7.87073 4200 70 
3.26640 3.48432 2.57694 4.65046 7.52104 4500 75 
2.98668 3.21785 2.32251 4.34175 7.18934 4800 80 
2.72004 2.92344 2.03937 4.00999 6.89061 5100 85 
2.48962 2.67694 1.82157 3.74137 6.62585 5400 90 
2.22901 2.39949 1.54041 3.46574 6.32612 5700 95 
1.98551 2.20488 1.34934 3.20314 6.04737 6000 100 
1.77018 1.98532 0.78999 2.97963 5.82257 6300 105 
1.68164 1.74780 0.39696 2.77215 5.61076 6600 110 
1.21778 1.41547 0.01086 2.51255 5.37198 6900 115 
0.85052 0.99132 -0.42771 2.3572 5.20812 7200 120 
0.47017 0.67994 -0.73560 2.14872 5.01929 7500 125 
0.15825 0.30070 -1.10883 1.99036 4.82647 7800 130 
-0.11845 0.09511 -1.60383 1.7488 4.61366 8100 135 
-0.23216 -0.05159 -1.69293 1.58743 4.45181 8400 140 
-0.12047 -0.29111 -1.21773 1.47417 4.32092 8700 145 
-0.05406 0.05220 -2.62947 1.30879 4.15607 9000 150 
National University of Singapore  112  
Department of Mechanical Engineering 
Appendix C 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
-0.09028 0.08114 -2.77698 1.14141 3.99122 9300 155 
-0.07217 1.59111 -1.90776 0.98405 3.84535 9600 160 
-0.11041 0.35359 -2.39781 0.93092 3.74744 9900 165 
-0.07318 -0.45379 -2.53542 0.77457 3.64753 10200 170 
 
Nozzle Diameter = 3mm 





















21.08721 22.65590 21.00678 17.44929 23.56559 0 0 
12.04449 12.77171 8.84859 11.84296 18.99370 300 5 
8.89609 9.20785 7.12797 10.70235 15.08623 600 10 
7.48238 7.62702 6.22905 9.94561 13.34379 900 15 
6.66736 6.78271 5.64396 9.36428 12.45360 1200 20 
6.10992 6.24878 5.17965 8.82604 11.80418 1500 25 
5.66418 5.81365 4.80642 8.39104 11.28565 1800 30 
5.23151 5.40447 4.43319 7.85181 10.75513 2100 35 
4.85720 5.06216 4.08372 7.40879 10.30153 2400 40 
4.54327 4.68392 3.75900 6.94773 9.84595 2700 45 
4.19009 4.32264 3.38775 6.52075 9.41933 3000 50 
3.85905 4.02823 3.12342 6.07573 8.98872 3300 55 
3.56524 3.76376 2.82147 5.68684 8.59607 3600 60 
3.27445 3.42344 2.55912 5.29594 8.20143 3900 65 
3.02089 3.17793 2.26707 4.99124 7.87073 4200 70 
2.77638 2.92744 2.03244 4.65046 7.52104 4500 75 
2.47050 2.67794 1.81959 4.34175 7.18934 4800 80 
2.23404 2.40049 1.54932 4.00999 6.89061 5100 85 
2.00262 2.18393 1.33746 3.74137 6.62585 5400 90 
1.79936 2.00628 1.15827 3.46574 6.32612 5700 95 
1.63032 1.82065 0.96126 3.20314 6.04737 6000 100 
1.44820 1.61307 0.79989 2.97963 5.82257 6300 105 
1.28821 1.46137 0.65337 2.77215 5.61076 6600 110 
1.02861 1.27974 0.15441 2.51255 5.37198 6900 115 
0.77706 1.05519 -0.21387 2.35720 5.20812 7200 120 
0.41383 0.75180 -0.59502 2.14872 5.01929 7500 125 
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0.07775 0.35160 -0.95538 1.99036 4.82647 7800 130 
-0.20298 0.09012 -1.29000 1.74880 4.61366 8100 135 
-0.14160 0.04621 -1.48107 1.58743 4.45181 8400 140 
-0.11242 -0.01567 -1.74837 1.47417 4.32092 8700 145 
-0.14160 -0.25618 -0.50493 1.30879 4.15607 9000 150 
-0.13556 -0.25219 -1.98498 1.14141 3.99122 9300 155 
-0.09833 -0.50668 -3.23337 0.98405 3.84535 9600 160 
-0.10437 -0.23423 -2.44038 0.93092 3.74744 9900 165 
-0.08123 -0.39491 -2.96904 0.77457 3.64753 10200 170 
 
Experimental results for nozzle position at the top (small setup) 
Nozzle Diameter = 6mm 
Flow Rate = 1l/min 
101 Coolant Outlet 
Temp From Glass 
Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant Inlet 
Temp To Glass 
Column (C) 
104 Water 
Temp (C) Time(s) Time(min)
27.25880 22.11072 25.50145 21.41573 0 0 
16.68450 19.73162 -3.11436 19.47688 60 1 
14.09262 16.21444 -4.01751 17.17910 120 2 
12.19889 14.21504 -4.61961 15.26786 180 3 
10.48495 12.43546 -5.09125 13.39854 240 4 
9.19750 11.06556 -5.32908 11.90555 300 5 
7.84413 9.69166 -5.62612 10.20905 360 6 
6.78240 8.56356 -5.82682 9.02795 420 7 
5.71968 7.44746 -6.10980 7.68528 480 8 
4.79679 6.50121 -6.30248 6.48986 540 9 
3.79599 5.60693 -6.49916 5.38238 600 10 
2.78321 4.69366 -6.80222 4.37103 660 11 
2.15097 3.99722 -6.93769 3.43842 720 12 
1.43483 3.22184 -7.18556 2.65613 780 13 
0.76163 2.58835 -7.44345 1.82373 840 14 
0.29819 2.07975 -7.54682 1.04963 900 15 
-0.33505 1.42528 -7.78665 0.51378 960 16 
-0.71160 1.11653 -7.85589 0.05055 1020 17 
-0.47488 0.99862 -8.01545 0.09145 1080 18 
0.06547 1.43527 -8.05659 0.03316 1140 19 
0.51193 1.85393 -7.99638 0.03009 1200 20 
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0.79060 2.23163 -7.84586 0.10372 1260 21 
 
Nozzle Diameter = 6mm 
Flow Rate = 0.9l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant Inlet 
Temp To Glass 
Column (C) 
104 Water 
Temp (C) Time(s) Time(min)
27.14394 22.00280 25.70616 23.44968 0 0 
18.17172 21.04557 -3.60005 21.34006 60 1 
15.47895 17.65728 -4.45704 19.08216 120 2 
13.51831 15.61392 -5.40434 17.09013 180 3 
11.94120 13.91228 -5.96129 15.16560 240 4 
10.49993 12.46244 -6.38878 13.58159 300 5 
9.09263 11.13550 -6.70789 12.07939 360 6 
7.97597 10.01840 -6.96479 10.62218 420 7 
6.92623 8.90229 -7.23673 9.33371 480 8 
5.89647 7.79818 -7.52875 7.93377 540 9 
4.81776 6.87092 -7.77260 6.73017 600 10 
3.93582 5.91568 -8.00040 5.68200 660 11 
3.14677 5.15629 -8.20310 4.68088 720 12 
2.26383 4.35393 -8.32854 3.79633 780 13 
1.61761 3.62552 -8.54028 2.81463 840 14 
0.94741 3.02700 -8.63862 2.11211 900 15 
0.46100 2.47644 -8.76808 1.43719 960 16 
-0.06138 1.92887 -8.93365 0.66002 1020 17 
-0.35902 1.51321 -9.00590 0.02498 1080 18 
-0.33904 1.44027 -9.14338 -0.13761 1140 19 
0.18932 1.71305 -9.23169 -0.04762 1200 20 
0.58285 2.07276 -9.13636 -0.04762 1260 21 
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Nozzle Diameter = 6mm 
Flow Rate = 0.8l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant Inlet 
Temp To Glass 
Column (C) 
104 Water 
Temp (C) Time(s) Time(min)
27.00311 22.05776 25.80852 24.75247 0 0 
19.54007 22.33254 -4.54234 22.72670 60 1 
16.79337 18.91527 -5.00796 20.54856 120 2 
14.81275 16.80097 -5.85491 18.57699 180 3 
13.05686 15.07235 -6.40383 16.89890 240 4 
11.51571 13.60553 -6.79720 15.19321 300 5 
10.18032 12.31656 -7.11230 13.62761 360 6 
9.06865 11.21244 -7.34511 12.35242 420 7 
7.99994 10.07935 -7.61907 10.98521 480 8 
7.01412 9.08315 -7.83883 9.86342 540 9 
6.05428 8.12491 -8.03853 8.62198 600 10 
5.36011 7.36552 -8.18404 7.65153 660 11 
4.54309 6.56217 -8.31148 6.56655 720 12 
3.85792 5.81077 -8.47907 5.68098 780 13 
3.14078 5.09034 -8.68478 4.75144 840 14 
2.22288 4.46385 -8.88147 3.95688 900 15 
1.64957 3.82835 -8.93365 3.13369 960 16 
1.27302 3.21085 -9.04705 2.41173 1020 17 
0.54090 2.74722 -9.07113 1.80737 1080 18 
0.36311 2.27760 -9.22467 1.15904 1140 19 
-0.12031 1.95485 -9.31699 0.51481 1200 20 
-0.04440 1.74402 -9.40931 -0.02922 1260 21 
0.07047 1.83695 -9.45648 0.02907 1320 22 
0.72568 2.22863 -9.44142 0.00248 1380 23 
1.00434 2.57236 -9.40229 0.03418 1440 24 
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Nozzle Diameter = 7.5mm 
Flow Rate = 1l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant Inlet 
Temp To Glass 
Column (C) 
104 Water 
Temp (C) Time(s) Time(min)
24.61398 20.21423 23.92495 22.86373 0 0 
17.05306 19.44585 -3.59303 20.63957 60 1 
14.52510 16.41428 -4.14194 18.34793 120 2 
12.63038 14.43986 -4.75407 16.40806 180 3 
11.05127 12.70724 -5.43344 14.29127 240 4 
9.37129 11.20545 -5.82782 12.40253 300 5 
7.92902 9.78758 -6.22220 10.75206 360 6 
6.68452 8.40669 -6.58847 9.37359 420 7 
5.42703 7.25161 -6.91963 7.96752 480 8 
4.62200 6.32935 -7.19358 6.82118 540 9 
3.49835 5.34014 -7.41034 5.57668 600 10 
2.59743 4.33395 -7.75755 4.54078 660 11 
1.77442 3.51860 -7.98635 3.36991 720 12 
1.06527 2.87412 -8.13788 2.61420 780 13 
0.47398 2.18967 -8.30044 1.61921 840 14 
-0.28611 1.47923 -8.49312 0.87783 900 15 
-0.76353 0.96764 -8.71589 0.17326 960 16 
-0.72258 0.81776 -8.77510 -0.04865 1020 17 
0.17734 1.39530 -8.73897 0.07611 1080 18 
0.58984 1.85094 -8.59547 0.07304 1140 19 
0.79360 2.13671 -8.56737 0.05464 1200 20 
0.79659 2.21664 -8.64364 0.01373 1260 21 
0.88948 2.37152 -8.78413 0.08940 1320 22 
0.73167 2.36353 -9.45347 0.06895 1380 23 
0.59384 2.20865 -9.63008 0.07713 1440 24 
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Nozzle Diameter = 7.5mm 
Flow Rate = 0.9l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant 




Temp (C) Time(s) Time(min)
26.88125 20.78877 24.12866 21.64683 0 0 
16.67851 19.67267 -4.91564 19.76832 60 1 
13.90884 16.13450 -5.52777 17.93889 120 2 
11.77940 14.01320 -6.17202 16.09105 180 3 
10.31016 12.36252 -6.60252 14.46512 240 4 
8.89786 10.89270 -6.95174 12.78498 300 5 
7.76822 9.70765 -7.16448 11.29812 360 6 
6.57365 8.52559 -7.44747 9.97999 420 7 
5.60082 7.49342 -7.64717 8.67822 480 8 
4.78580 6.60213 -7.83984 7.45928 540 9 
3.79699 5.72184 -8.06563 6.32829 600 10 
2.95500 4.94346 -8.24726 5.37318 660 11 
2.19991 4.10213 -8.46703 4.28411 720 12 
1.58465 3.51261 -8.55333 3.39854 780 13 
0.82756 2.79118 -8.71991 2.61114 840 14 
0.27122 2.22564 -8.85237 1.81146 900 15 
-0.27212 1.70206 -8.90656 1.13348 960 16 
-0.73057 1.18447 -9.10625 0.41766 1020 17 
-0.82046 0.94266 -9.19958 -0.08035 1080 18 
-0.23417 1.12352 -9.31699 -0.00263 1140 19 
0.65077 1.84594 -9.15543 0.08327 1200 20 
0.71769 2.10773 -9.03902 0.09145 1260 21 
0.97438 2.41648 -9.07715 0.05464 1320 22 
0.97438 2.60034 -9.29291 0.02703 1380 23 
0.81157 2.72724 -9.68427 0.00657 1440 24 
0.99436 2.95106 -10.01844 0.09861 1500 25 
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Nozzle Diameter = 7.5mm 
Flow Rate = 0.8l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant 




Temp (C) Time(s) Time(min)
26.07622 21.07355 24.42470 22.64387 0 0 
18.42741 21.25840 -5.42542 20.97908 60 1 
15.44300 17.69125 -5.59200 19.20691 120 2 
13.37648 15.34813 -6.28742 17.42452 180 3 
11.60661 13.68746 -6.84738 15.90494 240 4 
10.32415 12.35653 -7.32404 14.46307 300 5 
9.09263 11.16148 -7.69834 13.12040 360 6 
8.22567 10.02339 -8.02047 11.86055 420 7 
7.19790 8.98023 -8.23622 10.52913 480 8 
6.26203 8.06896 -8.41986 9.41245 540 9 
5.42803 7.25961 -8.59447 8.44814 600 10 
4.63998 6.53019 -8.69883 7.48587 660 11 
3.82595 5.78179 -8.85237 6.60746 720 12 
3.11481 5.13631 -9.03802 5.66973 780 13 
2.33774 4.46185 -9.18051 4.85881 840 14 
1.79040 3.84834 -9.29491 4.08266 900 15 
1.17514 3.29178 -9.48056 3.34639 960 16 
0.60982 2.73823 -9.57589 2.65102 1020 17 
0.16935 2.27160 -9.72341 1.99758 1080 18 
-0.29709 1.75501 -9.72943 1.31039 1140 19 
-0.31307 1.51121 -9.73545 0.81545 1200 20 
-0.43493 1.28039 -9.89099 0.21825 1260 21 
-0.31307 1.43527 -9.83078 -0.15397 1320 22 
0.61082 1.93187 -9.87795 0.00248 1380 23 
1.10322 2.40549 -9.78362 0.00862 1440 24 
0.95141 2.70925 -9.74849 -0.00263 1500 25 
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Nozzle Diameter = 9mm 
Flow Rate = 1l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant 




Temp (C) Time(s) Time(min)
26.44378 21.64909 25.13015 23.45786 0 0 
18.22565 20.89369 -3.31104 21.15497 60 1 
15.54088 17.58734 -3.67029 18.99217 120 2 
13.61819 15.52799 -4.18609 17.06866 180 3 
11.74744 13.67747 -4.86747 15.16560 240 4 
10.01352 11.95884 -5.37926 13.37093 300 5 
8.59822 10.58394 -5.77564 11.81760 360 6 
7.58544 9.37092 -6.19510 10.45959 420 7 
6.35591 8.15489 -6.48311 9.03102 480 8 
5.35012 7.00881 -6.78516 7.72720 540 9 
4.29339 6.12152 -7.05410 6.56758 600 10 
3.51533 5.33715 -7.20462 5.58895 660 11 
2.72328 4.47783 -7.47858 4.58782 720 12 
2.00614 3.77040 -7.64917 3.62044 780 13 
1.22807 3.03099 -7.86894 2.71749 840 14 
0.42604 2.34554 -8.09974 1.90963 900 15 
-0.16126 1.75901 -8.30948 1.10485 960 16 
-0.58475 1.23343 -8.50917 0.43402 1020 17 
-0.55678 1.02760 -8.64665 -0.16727 1080 18 
-0.07136 1.33435 -8.61755 -0.13761 1140 19 
0.37210 1.82496 -8.52824 -0.05171 1200 20 
0.69272 2.10174 -8.38775 0.01885 1260 21 
 
Nozzle Diameter = 9mm 
Flow Rate = 0.9l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant 




Temp (C) Time(s) Time(min)
25.28217 21.12451 24.66654 22.65614 0 0 
18.02090 20.83574 -3.86297 20.72956 60 1 
15.13836 17.38550 -4.13993 18.92161 120 2 
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13.01092 15.16927 -4.85844 16.86618 180 3 
11.48974 13.48362 -5.47961 15.33637 240 4 
9.96458 12.01780 -6.03655 13.90269 300 5 
8.61620 10.65789 -6.33057 12.30743 360 6 
7.43562 9.40589 -6.64266 11.06906 420 7 
6.42783 8.31876 -6.91461 9.71309 480 8 
5.56187 7.49042 -7.04607 8.60562 540 9 
4.62899 6.56816 -7.29092 7.49201 600 10 
3.73606 5.73783 -7.46955 6.53281 660 11 
2.94501 4.92448 -7.73848 5.48873 720 12 
2.28980 4.21904 -7.91811 4.52851 780 13 
1.52072 3.58955 -8.08369 3.71452 840 14 
0.92744 2.89011 -8.27536 2.88110 900 15 
0.53491 2.46045 -8.34761 2.23993 960 16 
-0.12130 1.82396 -8.50817 1.47298 1020 17 
-0.60772 1.40230 -8.65669 0.83386 1080 18 
-0.74256 1.03959 -8.80621 0.27041 1140 19 
-0.66965 1.02660 -8.86541 -0.09671 1200 20 
0.10343 1.51920 -8.78814 0.01271 1260 21 
0.63279 2.03279 -8.73195 -0.00467 1320 22 
0.75065 2.26860 -8.59748 -0.00161 1380 23 
 
Nozzle Diameter = 9mm 
Flow Rate = 0.8l/min 
101 Coolant 
Outlet Temp From 
Glass Column (C) 
102 Coolant Inlet 
Temp To Heat 
Exchanger (C) 
103 Coolant 




Temp (C) Time(s) Time(min)
26.76140 21.63610 24.93046 22.17450 0 0 
18.24563 21.11751 -5.08824 20.39620 60 1 
15.12538 17.45844 -5.31102 18.68539 120 2 
13.15175 15.22423 -5.98838 16.96435 180 3 
11.52271 13.49461 -6.49113 15.33330 240 4 
10.06945 12.06076 -6.96479 13.85155 300 5 
8.78400 10.82575 -7.18656 12.54672 360 6 
7.69031 9.78658 -7.45750 11.29199 420 7 
6.67553 8.74742 -7.74149 10.05771 480 8 
5.85951 7.80217 -7.92614 8.89910 540 9 
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5.20829 7.03279 -8.05258 7.97979 600 10 
4.48017 6.28139 -8.28439 6.89685 660 11 
3.47438 5.56297 -8.46703 5.95299 720 12 
2.81916 4.81956 -8.61554 5.09401 780 13 
2.53650 4.26401 -8.71890 4.34138 840 14 
1.78141 3.65249 -8.88850 3.53454 900 15 
1.08525 3.13191 -9.02999 2.88213 960 16 
0.72867 2.54738 -9.17650 2.12540 1020 17 
0.39807 2.17768 -9.28387 1.56297 1080 18 
-0.24815 1.82096 -9.41132 1.03327 1140 19 
-0.18922 1.53719 -9.52170 0.37778 1200 20 
-0.32905 1.41129 -9.55181 -0.12227 1260 21 
-0.07536 1.52120 -9.65417 -0.09364 1320 22 
0.56787 2.06177 -9.44142 -0.00365 1380 23 
0.94142 2.41549 -9.36114 -0.01183 1440 24 
0.95940 2.47544 -9.38623 -0.02001 1500 25 
0.79759 2.61033 -9.30294 -0.00672 1560 26 
0.93443 2.63031 -9.31900 0.01271 1620 27 
0.89847 2.53539 -9.42838 0.00351 1680 28 
0.78860 2.71325 -9.65316 -0.00876 1740 29 
1.06227 2.88211 -10.08065 -0.02717 1800 30 
0.89647 3.01900 -10.34357 -0.03535 1860 31 
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Nozzle at Top 
Nozzle Size = 6mm 
Flow Rate = 4l/min 
Mean = 0.33cm 
Std Deviation = 0.03cm  
Nozzle at Top 
Nozzle Size = 6mm 
Flow Rate = 6l/min 
Mean = 0.47cm 
Std Deviation = 0.05cm  
Appendix C 
Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
National University of Singapore  124  






































Nozzle at Bottom 
Nozzle Size = 3mm 
Flow Rate  = 8l/min  
Mean = 0.18cm 
Std Deviation = 0.03cm 
Nozzle at Bottom 
Nozzle Size = 3mm 
Flow Rate = 10l/min 
Mean = 0.22cm 
Std Deviation = 0.04cm  
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Nozzle Diameter = 6mm
Flow Rate = 4 l /min
Mean = 4.17s





















Nozzle Size = 6mm
Flow Rate = 6 l /min
Mean = 3.88s






Investigation of the Characteristics of Ice Slurries for Energy Storage 
 
National University of Singapore  126  
















Nozzle Size = 3mm
Flow Rate = 8 l /min
Mean = 3.84s



























Nozzle at Bottom 
Nozzle Size = 3mm 
Flow Rate = 10 l/min 
Mean = 3.70s 
Std Deviation = 0.48s  
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Nozzle Diameter = 6mm
Mean = 0.59cm


















Nozzle Diameter = 7.5mm
Mean = 0.73cm
Std Deviation = 0.03cm
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Nozzle Diameter = 9mm
Mean = 0.89cm
Std Deviation = 0.02cm
 
 
















Nozzle Diameter = 6mm
Mean = 3.30s
Std Deviation = 0.25s
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Nozzle Diameter = 7.5mm
Mean = 3.26s





















Nozzle Diameter = 9mm
Mean = 3.61s
Std Deviation = 0.49s
 
 
